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_ The Chairman then adjourned the meeting, announcing that the remainder of the 
proceedings would take the form of a J oint Meeting of the Institutions of Civil and 
Mechanical Engineers. He invited Mr W. B. Shannon, Chairman of the Steam 
Group Committee of the Institution of Mechanical Engineers to take the Chair. 
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JOINT MEETING WITH : 
THE INSTITUTION OF MECHANICAL ENGINEERS 


15 November, 1955 


WILLIAM BOYD SHANNON, M.I1.C.E., M.I.Mech.E., in the Chair 


The following Paper was presented for discussion and, on the motion of the 
Chairman, the thanks of both Institutions were accorded to the Authors. 


Paper No. 6114 


THE DEVELOPMENT OF A MECHANICAL-DRAUGHT 
WATER-COOLING TOWER 


by 
* Lawrence Gilling Smith, M.ILC.E., and Gerald Johnstone Williamson, 
B.A., M.I.Mech.E. 


SYNOPSIS 


The Paper describes the development of a mechanical-draught water-cooling tower 
containing a number of novel features. The packing is composed of serrated timber laths 
down which the water flow is film-wise to avoid splash formation. An earlier Paper ? 
gave the results of small-scale tests which indicated the theoretical advantage of grid 
film-flow packings in that the ratio of heat transfer to pressure drop is greater in this type 
of packing than in any other. A non-splash multi-trough water distributor is used to 
avoid the carry-over of splash droplets and hence to prevent a local deposition nuisance. 
Special attention has been given to the even distribution of water and air. Induced 
draught effects this better than forced draught and, since the fans exhaust heated air, 
there is no danger of ice formation upon them in frosty weather. The fans are large slow- 
running and aerofoil bladed, designed to give the highest possible static efficiency and 
to reduce the loss of velocity head at exit. The main design variables of air velocity and 
air/water ratio are determined from a balance of capital charges, packing, and power cost. 

Several examples, showing the methods of construction, are given of these towers. 
The main structure and shell is usually in reinforced concrete because of its rigidity in 
supporting the fans and drives and its permanence and fire resistance, but timber is quite 
satisfactory and cheaper. The pond is in concrete in all large towers. Timber is the 
usual material for the packing and distribution troughs, and the water flow is controlled 
by orifice tubes now made in glass. Methods have been developed for supporting the 
laths and troughs so that they remain level and in proper relation to each other after — 
wetting. The packing is usually built on reinforced concrete beams across the main 
structure. 

Running experience obtained during 6 years is given together with the results of a 
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*Mr Smith is Design Engineer, Civil Section, Imperial Chemical Industries Ltd, 
Billingham Division, Stockton-on-Tees. 
Mr Williamson is Section Manager, Chemical Engineering Research Section, Imperial 
Chemical Industries Ltd, Billingham Division, Stockton-on-Tees. 
1 The references are given on p. 103. 
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comprehensive programme of tests. The good small-scale packi 

. packing performance has been 
onfirmed on the large-scale. The tests have shown deficiencies in gear-driven fan 
mstallations, established the harmful effect on cooling efficiency of recirculation of the 
varm exit air and, in general, put on record performance details for critical assessment 
tof this new development. 


ine 


REASONS FOR UNDERTAKING DEVELOPMENT WORK 


He Authors have been associated for a number of years with the provision of 
20 oling-water services in chemical plants. The Imperial Chemical Industries’ factory 
site at Billingham was developed in the late 1920s, and its proximity to the tidal reach 
iof the River Tees (mean annual fresh-water flow about 8,000,000 gal/hour) 
Favoured the choice of river cooling water, particularly because earlier small-scale 
circulating cooling plant, consisting of spray ponds and forced-draught cooling towers, 
had resulted in high summer water temperatures with the former and a heavy fan 
mower consumption with the latter. Two pumping stations, together capable of 
Supplying a maximum of 10,000,000 gal/hour (averaging 50% sea water), provided 
most of the cooling-water requirements for more than 25 years. In addition, two 
bconcrete-shell natural-draught towers built in the 1930s gave satisfactory service, 
apart from a carry-over nuisance. 

During the war-emergency constructional period the cooling water in the various 
“‘shadow”’ factories was supplied by mechanical-draught cooling towers because of 
ithe requirements of speed of construction, low initial cost, economy of timber, and 
pcamouflage; they were of the forced-draught splash type universal at that time with, 
an certain cases, concrete instead of timber shells. It was found that many of these 
towers—especially the large installations—failed to perform their specified cooling 
duty. Further investigations showed that the forced-draught arrangement of blow- 
ling air in at the base of the tower produced uneven air distribution through the 
‘packing and also encouraged recirculation of the warm exit air back into the down- 
wind fans. ‘The fans and their housings were crude in design, and there was often 
a lack of air owing to an underestimation of the resistance of the packing; there was 
ra tendency for ice to build up on the fan blades in frosty weather, and a carry-over 
nuisance existed in the neighbourhood of each tower. 

Manufacturers’ design methods were clearly rule-of-thumb. Water cooling was 
‘not treated basically as a diffusional process involving the simultaneous transfer of 
ssensible and latent heat, and no attempt was made to determine the air velocity 
‘through the tower or the correct air/water ratio from the relation of power costs to 
scapital charges. It was also of interest that whereas in the design of absorption 
‘towers and gas washers in the chemical industry film-flow packings were widely 
‘used, the cooling-tower industry had adhered almost without exception to the use 
,of splash packings. On paper it was clear that the film-flow grid packing had 
attractive possibilities for mechanical-draught water-cooling towers; they had been 
.demonstrated in practice by Hutchison and Spivey? in a number of actual installa- 
‘tions and useful comments were also made by Cave-Browne-Cave.® 

The large new requirements of Imperial Chemical Industries in cooling water for 

the post-war constructional programme at Billingham clearly could not be supplied 
satisfactorily from the Tees tidal water. Moreover, the river water temperatures had 
increased during the years because more factories were making use of it. The river 
water, however, caused heavy fouling and corrosion of heat exchangers; this became 
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the over-riding factor in favour of cooling towers, because of the lower capital and 
maintenance costs of heat exchangers working on cleaner (cooling-tower) water. 

Natural-draught towers were unattractive because of their high capital cost and 
because chemical-plant economics demanded a close approach to the atmospheric 
wet-bulb temperature. It was decided to concentrate on mechanical-draught towers 
and to undertake certain development work to hasten and supplement the manu- 
facturers’ efforts to improve them. 


INVESTIGATIONS PRIOR TO FULL-SCALE DESIGN 


Preliminary investigations started soon after the 1939-45 war on various aspects 
of the problem and, although some were incomplete before orders were placed for the 
first full-scale towers in 1948, it is convenient to consider them here before dealing 
with full-scale experience. 


The packing (tower fill) 

The use of film-flow packings in chemical plant for absorption towers indicated 
that they had possible advantages over splash packings in giving a higher rate of 
heat transfer for a given expenditure in air-pressure drop. Offset against this was 
the bigger usage of timber because there was no secondary surface in the form of 
splash. The final choice was a criss-cross (grid) arrangement of timber laths 2 in. 
deep X 3 in. thick, with individual laths spaced at 2-in. pitch. In order to maintain 
complete film-flow the underside of the lath was serrated. In collaboration with 
certain cooling-tower manufacturers suitable methods of assembly were developed 
and tested; the emphasis was on cheap mass-production of the component parts. 

The heat-transfer/pressure-drop characteristics of the packing were measured first 
in a small 18-in.-sq. water-cooling tower and later in a 4-ft-sq. tower. Some of this 
work has been described elsewhere,*; * but the final data on the 4-ft tower have been 
slightly revised since the earlier publications and are given as lines in Fig. 5, where 
they form the basis against which the data from the full-scale towers are compared. 


Economic design 

A very useful design procedure was the establishment of easy methods of calculat-_ 
ing the leading design dimensions of a tower in terms of the duty required, the pack- — 
ing characteristics, and the unit costs of power and capital. One form of this 
procedure is given in Appendix F of reference 4 but, for the sake of completeness, a 
method based on more accurate performance data and up-to-date costs is given 
briefly in the Appendix to this Paper. For conditions on a continuously operating 
plant with a power cost of 0-85d/kWh the economic air velocity (referred to the 
empty tower) is 7 ft/sec for the 2-in. grid packing, and the economic air/water ratio 
is such that a tower for all normal duties will require a packed height in the range 9 to 
13 ft. The higher values apply to high shell costs, e.g., for an elevated tower, or to low 
marginal power costs, e.g., when the water pumping head is fixed independently of — 
tower height. Such methods greatly facilitate the design of towers and enable a 
customer to evaluate many schemes without reference back to the manufacturer 3 
for new tenders. Moderate departures from these economic values, say by + 20%, © 
do not appreciably affect the final cost of the cooling water. 


Water distribution 


A non-splash distributor was developed of such a type that, in conjunction with — 
‘ 


/ 
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le non-splash grid packing, the carry-over of water droplets was small enough to 
sake an eliminator unnecessary. The fact that the precipitation nuisance in the 
eighbourhood of a cooling tower results almost entirely from the carry-over of 
lash droplets and not from condensation from the plume of steamy air has been 


jp end. (The orifice, which is normally within the size range 8 to 14 mm dia., 
| liable to choke, which makes this form of distributor unsuitable for very dirty 
nditions. Troughs also suffer from a lack of flexibility in dealing with wide varia- 
ons in water rate. However, no better arrangement has yet been developed and 
iperating experience, as described later, shows the design to be practical.) 

During the development stage, measurements were made in experimental towers 
f the amount of carry-over for a range of air and water loadings. The small gutter 
oughs also went through various stages of improvement and the droplet carry-over 
sata given in Fig. 2 were determined on the distributor shown in Fig. 1. The effect 
Hf off-level in the troughs was also studied. Jor the standard air velocity of 7 ft/sec 
md normal water loadings up to 200 gal/hour-sq. ft the carry-over under satisfactory 
rperating conditions is not more than 0-01% of the water circulation rate. With 
fhoked and overflowing troughs splash causes an increase in carry-over to a point 


fo} 


Air velocity 8 ft/sec 


* WATER CARRY-OVER: GAL/HOUR/SQ. FT 


WATER LOADING GAL/HOUR/SQ, FT 


Ira, 2.—CARRY-OVER FROM NON-SPLASH haga DISTRIBUTORS UNDHR CLBAN 
CONDITIONS (2-1N, X 2-IN, X §-IN, PACKING) 
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where it will be very noticeable inside the tower and likely to constitute a nuisance 
outside the tower. (It is thought that on the full-scale towers the fans act to some 
extent as eliminators.) 


THE FULL-SCALE TOWER 


The full-scale towers of the larger type consist of one or more square cells, or units, 
32 ft x 32 ftin cross-section. The air enters through openings, generally 10 ft high, 
in the base of each side and is drawn through the tower by fans in the roof; there are 
four 12-ft-dia. fans or one 24-ft-dia. fan per unit. There are similar smaller towers, 
of 16-ft-sq. cells with one 12-ft-dia. fan per cell. Originally a stepped packing 
arrangement was used in the larger units, as shown in Fig. 3a, on the grounds that 
it would promote more even air distribution and save headroom inside the tower. 
However, it was later found to have no advantage and the simpler flat arrangement 
in Fig. 3b was adopted. 

Experience gained from operation, performance tests, and subsequent laboratory 
experiments is described below. 
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(a) STEPPED PACKING (b) FLAT PACKING 
(NO LONGER USED) 


Fic. 3.—PAcCKING ARRANGEMENTS IN GRID-PACKED WATER-COOLING TOWERS 


Packing 

The packing is built up in separate 4-ft-sq. packing nests, and the method of con- 
struction, developed mainly by the manufacturers, is now standardized in two types, 
shown in Fig. 1 (small scale) and Fig. 4. It was found essential to carry the small 
gutter troughs on members supported directly from the main internal framework 
of the tower in order that the gutters would remain level. 

In Fig. 4 the laths rest on each other and are located by a number of vertical 
1,%-in.-sq. posts. A 2-in. to 4-in. gap allows for the upward expansion of the packing, 
the upper layer of packing and the gutter troughs being hung from the vertical posts. 
In Fig. 1 each lath is supported independently by vertical side members (the expansion 
of the laths when wetted is about 1 in 16 across the grain and negligible along it). 

The performance characteristics of the packing have been measured on a number 
of large towers and the results are shown in Figs 5a and 5b. In scaling-up from the 
experimental 4-ft-sq. nest to towers consisting of up to 600 of these nests, working 
in effect in parallel, it was thought that there would be no reduction in performance sa 
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Fia. 6.—WaATER DISTRIBUTORS IN A 32-FT-SQUARE CELL 
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Fic. 10.—Vinw OF THE RECIRCULATION EFFECT 
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Fic. 15.—NATURAL- AND MECHANICAL-DRAUGHT TOWERS IN SERIES (THIS 


ARRANGEMENT IS SUITABLE FOR A LARGE COOLING RANGE) 
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§ 
long as good air and water distribution was maintained; in fact, owing to a 10-ft 
fall of “rain” from the packing to the pond in the full-scale tower compared with only 
18 in. in the experimental tower, there should be a slight margin in hand. The 
transfer coefficients in Fig. 5a confirm this expectation, but show that it is necessary 
to maintain adequate initial water distribution. Further details of these results are 
given in Table 1, where data are included on the exit-water temperatures achieved 
compared with those specified. The methods of analysis are based on the now 
universally used “‘total-heat”’ method. Originally published by Merkel in 1925 ® the 
method, about 15 years later, supplied a much-needed theoretical approach to the 
| design of cooling towers, first in the United States of America and later in Great 
' Britain.® 
| Field tests on cooling towers offer many difficulties, but during the years methods 
| have been developed which are now quite adequate; heat balances, as shown in 
Table 1, are within + 10% and often within + 5%. After early trials with anemo- 
| meters to measure air velocities inside the tower, the standard method now used is 
a comprehensive Pitot traverse across the top of the fan housing. The measurement 
/ of the pressure drop through the packing has presented most difficulty. In this 
connexion, it has always been convenient for experimental reasons to measure the 
pressure rise across the fan (it is usually of the order of 0-2 in. to 0-4 in. of water) and 
to assume that it is equal to the pressure drop through the tower, which consists of 
| the inlet losses plus the packing-pressure drop. This in turn assumes that the static 
pressure on the roof of the tower is equal to that at the base. Tests were not carried 
out on windy days, but it is now thought that wind effects were the reason for the 
| scatter of results in Fig. 5b. However, the design figures for the pressure drop 
(Fig. 5b) of five velocity heads for inlet losses and three velocity heads per foot of 
packing (both based on the empty tower velocity) show agreement with the tests. 
Thus, the prediction of the performance of this new film-flow packing from small- 
' gcale tests has been well confirmed. Other factors of importance in determining the 
overall performance of a tower are dealt with below. 


Water distribution 
The non-splash system has been used in all towers. It has been found to work 


successfully even on water containing appreciable quantities of fine suspended 
inorganic solids, but chlorination of the water is essential to prevent biological 

| growths, which would choke the gutter troughs. Tn some of the earlier arrangements 
the gutter troughs were not sufficiently robust nor firmly located. Breaking-away 
of the trough wall between notches and malalignment of the troughs caused splash, 
which resulted in an undesirable amount of carry-over. Improved designs of gutter 
trough are now used, with holes 3 in. wide X 1 in. deep instead of notches in the 
trough walls; this has made the troughs sufficiently robust to be walked on. Re- 
finements have been made to give a better initial spread of the water and to maintain 
the gutters in position. ; 

The system finally adopted for the main and secondary troughs is of the type 
shown in Figs 3 and 6. Two main troughs run across each 32-ft-sq. unit of tower 
and the water enters them via a series of down-pipes from the two main inlet water 
pipes. This avoids any appreciable hydraulic gradient in the main troughs. The 
secondary troughs run at the same level from the main troughs; from these the water 
enters the gutter troughs. In order to simplify cleaning, hose connexions to a high- 
pressure water supply are installed and sludge plugs fitted at the end of each 


secondary trough. 
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4-ft-sq. experimental tower 
(referred to standard air rate 
of 1,855 Ib/hour-sq. ft)” 


X-4— Low values in early 
towers caused by poor 
water distribution. 


14 a i" 


Plotted points are 
test results on eight 
large-scale towers 


VOLUME TRANSFER COEFFICIENT; L8 HOUR CU FT ATM 
(REFERRED TO STANDARD AIR RATE OF 1,855 L8/HOUR-SQ. FT) 


0 50 100 150 209 
WATER LOADING: GAL/HOUR/SQ. FT 


(2) TRANSFER COEFFICIENTS FOR GRID PACKING 
IN SMALL AND LARGE-SCALE TOWERS 


= < + 


Recommended design ‘ees 


a Ranges of results from 
| ra. tests on large towers 


"PRESSURE DROP-VELOCITY HEADS 


rie 


Loss 
at inlet 
it) 2 | 6 8 10 
DEPTH OF PACKING: FEET 


(b) AIR PRESSURE DROP THROUGH GRID PACKING IN LARGE-SCALE TOWERS 


lic. 5.—CHARACTERISTICS OF 2-IN. X 2-IN. X 3-IN. GRID PACKING 
(See also Table 1) 


A subsidiary development was the use of the non-splash distribution system with ¢ 
shallow, 1 to 2 ft, depth of grid packing installed above an existing splash packing 
to prevent a carry-over nuisance. Such an installation in a power station natural 
draught tower has proved to be quite successful. In old forced-draught types o 
tower it was only partially successful because the very uneven air distribution lec 
to excessive local air velocities with resultant stripping of the water films. Also iz 
one particular natural-draught tower where the average water loading was as lov 
as 40 gal/hour-sq. ft the device, whilst successful in preventing carry-over, was quit 
unsuccessful as a distributor because of the difficulty in levelling the gutter trough 
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© cope with such low rates and, also because a growth of algae high up on the walls 
sof the concrete shell dried out and peeled off in felt-like sheets which choked the 
ia tters. (There is no similar growth in mechanical-draught towers.) 

i The use of the non-splash distribution system and a shallow depth of grids merely 
as a splash eliminator has now been superseded by the use of eliminators above the 
splash-distribution system. Suitable designs of eliminator have been described by 
Ch ton’ and are widely used by the Central Electricity Authority; they have a very 
flow pressure drop (about five velocity heads) and are much cheaper than the device 
f described above. However, this device is still preferred for splash towers where the 
induced-draught arrangement exists; there is an addition to the heat-transfer sur- 


face which is not present with an eliminator. 


| Fans and drives 

il The induced-draught (fan-in-roof) arrangement was chosen instead of forced- 
draught in order to obtain an even air-flow distribution through the packing, to 
hreduce recirculation, and to prevent ice formation on the fan blades in winter. 
Jorresponding to the standard empty tower air velocity of 7 ft/sec the mean air 
velocity through the fan disk is 16 ft/sec; this is found to be a satisfactory compromise 
between a high air velocity to minimize fan size and recirculation and a low air 
velocity to minimize rejection head loss. 

_ Experience has been limited mainly to two fans, each four-bladed and made in 
laminated hardwood; the 12-ft-dia. fan, in which each blade is constant in chord 
shape and incidence angle from root to tip and the 24-ft-dia. fan, in which the 
Hblades are twisted in aeroplane propeller fashion. Variation in duty is obtained by 
variation in speed. A stainless-steel fairing on the leading edge was found occasion- 
ally to be the cause of cracking in the cellulose plastic protection at its joint with 
the metal, leading to failure of the casein glue. It was necessary in the earlier 
ssplash towers to have metal protection against large spray droplets but the fairing 
jis now being omitted. The manufacturers have also carried out successful tests 
twith a synthetic water-resistant glue of the epoxy type. The fans on the whole are 
ers satisfactory service (the first of this type were installed in a splash tower 20 


years ago) and a regular maintenance inspection is now carried out on the 150 
12-ft- and twenty 24-ft-dia. fans now in service to detect and repair any minor 
failures in the protective coating before serious deterioration occurs. 

Methods of measuring the air rate have been gradually developed to give excellent 
#reproducibility and, according to the good overall heat balances mentioned previously, 
4a very satisfactory absolute accuracy. Anemometers were found to be unsatisfac- 
story in damp atmospheres and even with no water on the tower the presence of the 
‘troughs gave disturbed flow patterns which made accurate measurement difficult. 
/Checks between Pitot and anemometer, carried out under suitable conditions during 
tthe construction of a tower, were in good agreement, the Pitot readings being 2-5% 
thigher. Rather surprisingly the best method of air-rate measurement was found to 
‘be a four-diameter traverse by Pitot, level with the top of the fan housing. A test 
Jon a 12-ft-dia. fan requires 120 individual readings; a weighted average is taken over 
the very uneven flow distribution and an allowance made for the helical nature of 
‘the flow. The static pressure rise across the fan is measured by the method recom- 
‘mended by the Fan Manufacturers’ Association.’ The static efficiency of the fan is 
\defined as the ratio of the power supplied to the air (air rate x static pressure rise) 
‘to the power input to the fan. In the case of fans driven directly by slow-speed 
‘motors the latter power is readily obtained. In the case of gear-driven fans the 
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reduction-gear efficiency is unknown and is included in the static efficiency meas 
ment. Static efficiencies are plotted in Fig. 7 and it is of interest that, for both size 
of fan, efficiencies for the gear-driven fans fall about 25% below those for the direct: 
driven fans, It is inferred that the transmission efficiency of the gear drives is only 
75%. Experience has so far been confined to worm reduction gears with ratios in 
the range 4:1 to9:1. Investigations on typical boxes for the 12-ft-dia. fan drive 
(6 : 1 reduction and 10 h.p.) under laboratory test conditions using a friction brak 
and an equivalent dead-weight load gave efficiencies in the range 88 to 90% for ne 
and used boxes. The lower efficiencies obtained in actual operation are thought to 
arise from out-of-balance aerodynamic forces, which result in extra friction in t 
bearings; this belief is supported by the unexpectedly high maintenance on bearings. 
Extra friction was also confirmed by measurements of the rate of rise of temperature 
of the box. American experience ® also reports some unsatisfactory service from gea 


Reference conditions. 
12-ft-dia; 250 r.p.m. 


Manufacturers’ characteristics : 
for |2-ft-dia. and 24-ft-dia. fans 


eel 


Fan clean 


FAN STATIC EFFICIENCEY:% 


Same fan dirty 


90000 100,000 110,000 120,000 130,000 
FAN DELIVERY RATE AT EXIT CONDITIONS: CU FT/MIN . 
© DV & 10-ft-dia. and 12-ft-dia. direct drives 
@ @ 24-ft-dia. direct drives 
O # © 12-ft-dia geared drives 


& 24-ft-dia. geared drive 


Fic, 7.—FAN STATIO PFFICIENCIES 


drives on cooling-tower fans. Meanwhile the manufacturers are being consulted and 
until suitable drives are available it is intended to install the more costly but relatively 


trouble-free direct drives using large non-standard slow-speed electric motors. 
Other points of interest arising from the fan efficiency tests are ;— 


(1) The high efficiency of the 24-ft fans (80%) compared with the 12-ft fans 
(60%). The latter figure is rather lower than the specified performance 
and is to be expected in view of the fact that the manufacturer’s specifica- 
tion curve was obtained on fans installed in a long smooth duct. The 
high efficiency for the 24-ft fans was unexpected. The fan-drive installa- 
tions are shown in Fig. 8. A trial is to be made of a 12-ft fan with twisted 


blades and of a normal 12-ft fan in a housing with a radiused inlet similar 
to the 24-ft fan housing, 


12-FT-DIA FAN WITH GEARED DRIVE 


FAN DELIVERY RATE: CU. FT/MIN 


115,000 


g 
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3 
J 
3 


95,000 
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H-section with 
streamlined beams PLAN OF 


24-FT-DIA FAN WITH DIRECT DRIVE H-SECTION BEAMS 


24-FT-DIA, FAN WITH GEARED DRIVE 


12-FT-DIA, FAN WITH DIRECT DRIVE 


Tic. 8.—FAN-DRIVE INSTALLATIONS 


12-ft-dia. fan fitted eccentrically in housing 
(pressure rise= 0-73 m. atm) 


; 
! ‘ . 
TIP CLEARANCE INCH 


Era. 9. Errnor OF FAN-TIP CLEARANCE 
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(2) The large decrease in efficiency which resulted when a thin layer of dirt 
accumulated on the upstream side of the fan blades. \ 
Low tip clearances between the blade and the fan housing are necessary to ensure 
the specified efficiencies. The effect was strikingly demonstrated by air-velocity- 
distribution measurements on a 12-ft-dia. fan which had inadvertently been installed” 
eccentrically in its housing. The results are shown in Fig. 9. As a good compromise 
between the cost of concrete shuttering and aerodynamic efficiency, tip clearances" 
of 2 in. -- } in., and } in. + } in. are specified, respectively, for the 12-ft and 24-ft- 
dia. fans. The supporting beams for the fan arrangements in Fig. 8 form an H in 
plan and are streamlined in cross-section. The cruciform plan originally adopted 
led in certain cases to a throbbing noise not noticeable near a tower but objection- 
able at a distance of more than a mile. It was attributed to the four blades passing 
over the four arms of the cross simultaneously. 


Recirculation and the siting of towers 
Recirculation of the warm air is an effect which can seriously reduce the perform- 

ance of a tower. No significant amount of recirculation has been detected on the | 
smaller towers consisting of one or two units, but in cross-winds of about 8-10 m.p.h. | 
(the worst condition) on the larger towers the effect can be serious. Fig. 10 shows” 
recirculation occurring and actual measurements were obtained on the same tower, 
which consists of a five-unit block (160 ft long) joined to a four-unit block by a high 
wall (the wall was necessary to complete the gas curtain formed by the towers as a 
fire-prevention measure), as shown in Figs 1] and 14. Perhaps because of its shape, 
recirculation was higher on this tower than for a straight tower; the figures shown in 
Fig. 11 were some of the worst measured on any tower. The effect of the various - 
amounts of recirculation on the cooling performance is given in the form of a curve. - 
A solid central partition wall down to pond level was originally installed on these 
towers to prevent excessive air-flow underneath the packing from the up-wind to the 
down-wind side of the tower. This prevented any flow at all and was clearly a fault 
so far as cooling performance was concerned. Recirculation measurements were 
later carried out on model towers in a wind tunnel using carbon dioxide as a tracer, 
with detection by an instrument of the infra-red-absorption type. The following 
results were obtained :— bs 


(1) Correlation was obtained between the model and full-scale tower. 

(2) Recirculation is a function of the ratio wind velocity/fan-discharge velocity. 
In the design of tower (assuming infinite length) with the stepped packing 
arrangement as in Fig. 3a recirculation reached a maximum of 8% in a 
cross-wind of 10 to 14 ft/sec. 


(3) Extending the air-fan housings by the equivalent of 30 ft gave no improve- 
ment. ; 
(4) Lifting the whole tower and pond on stilts 30 ft high gave no improvement, 
(5) The greatest improvement from any one alteration was achieved by allowing 
the air to pass through to the down-wind side of the tower, underneath 
the packing, but not so freely that in a high wind it could pass out at the 
far side, carrying water with it.* This halved the recirculation rate. 
All towers now incorporate a central baffle instead of the solid partition wall or 
more recently, an arrangement of splash-bar packing to fill the space from the tinder 
side of the grid packing down to pond level.* The latter device in addition to acting 


* Patent applications pending. 
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as 4 wind baffle provides extra transfer surface without the need to pump the water 
higher. 
_ The failure of arrangements (3) and (4) to effect an improvement was unexpected 
nd probably arises from the fact that when the air accelerates to pass either between 
the fan housings, or under the tower, a suction is caused which counteracts the action 
of the air in reducing the main suction effect. How strong these effects are was 
shown by Bailey and Vincent? in wind-tunnel experiments on the distribution of air 
pressure round buildings; corresponding to the increase in static pressure on the up- 
wind side of a building of 0-5 to 0-8 wind velocity heads, there is a suction of 0:5 to 
0-8 on the down-wind side and a suction of 0-7 on the roof. ; 


N 


. Wind direction 
during test 
Ss 10-5 m.p.h. 


aX Additional 
Nee 


82 


~ 80 

5 Range of recirculation 

& measured during test 

a 

z 

Ease i 

= 

ra Operating conditions. 

S Ambient wet bulb temperature 68°F 

2 78 Water loading 143 gal/hour-sq. ft 
Total water rate 1,170,000 gal/hour 


Cooling range 20 °F 


77 


~~ Predicted from 
test data 
0 5, 10 15 20 25 30 
PERCENTAGE OF TOTAL AIR RATE RE-ENTRAINED ON LEEWARD SIDE OF TOWER 


76 
Fra. 11.—Errzor or RECIRCULATION ON A LARGE WATER-COOLING TOWER 


In view of these downdraught effects the siting of large installations of mechanical- 


- draught towers to avoid loss of performance from interference is a matter calling for 


very careful consideration. The wind-tunnel technique using carbon dioxide to 
determine the degree of recirculation is much to be preferred to the release of smoke 
or steam and is strongly recommended for this type of investigation. It is clear 
why, in the light of these difficulties, the designers of power-station cooling towers 
choose natural-draught towers; in addition to being more suitable for the easier 
cooling duties required in power generation they do not suffer from recirculation or 
emit steam plumes at low level. 
8 
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The tower shell 

Design has been standardized on a unit which is essentially a concrete cell 32- 
square in cross-section; the depth of packing is almost independent of the duty (it 
lies in the range 9 to 13 ft) and, therefore, the shell height varies little from tower to” 
tower. The air openings are 10 ft high to give the same air velocity at entry 3S 
through the packing (allowing for its obstruction). Timber shells were replaced by 
concrete during the war and, in spite of the subsequent freedom to use timber, con-— 
crete has been retained except in some small towers. Where attack of the concrete 
might occur in places inaccessible for examination and repair, timber sheeting has” 
been used. This type of construction is shown in Fig. 12. Completely timber shells | 
have been known to fail in high winds but this is very exceptional and unlikely to” 
occur if the design conforms to Code of Practice CP.112 (1952). The main objections — 
to timber shells are unsightliness when stained with water salts, susceptibility to fan 
vibration troubles in the induced-draught arrangement, and fire risk when sited near 
a plant constituting a major fire hazard. These reasons are not well grounded in: 
economics but, confronted with the request for an extra £1,800 per unit for concrete _ 
construction of the types shown in Figs 12-15, the management choice is usually for 
concrete. 

Concrete shells conform to B.S. Code of Practice CP.114 (1948), and ponds and 
channels to the ‘‘Code of Practice for the Design and Construction of Reinforced — 
Concrete Structures for the Storage of Liquids” (revised 1950) published by the 
Institution of Civil Engineers. Construction joints have a water bar. In normal — 
conditions and good ground the pond is founded at about 2 ft 6 in. below ground 
level. A pond depth of 6 ft for a water depth of 5 ft gives a storage capacity amounting 
to 10 to 15 min supply. With this arrangement the water pumps can be placed at 
almost ground level and operate with a drowned suction. ‘ 

Construction of the tower on stilts is a very common feature on the main factory — 
site; seven towers of individual capacities up to 500,000 gal/hour have been built in 
this way. There are advantages on a congested site; the plume is discharged above 
the roofs of neighbouring buildings, a sheltered space is left under the pond for other 
plant, and the air inlet is improved. An elevated pond may permit gravity flow of 
the cooling water to heat exchangers, thus allowing a single pumping operation. 
Also, in the case of a power failure, a water flow is maintained for a short period, a 
very important provision in some chemical plants. Raising the tower on stilts 
increases the cost of the pond and shell by from 10 to 20%. 


Water treatment and timber life 

Little information can yet be added to what has already been published on water 
treatment and timber life. It is now standard procedure to chlorinate the water 
intermittently in order to prevent biological growths; other treatments depend on 
the nature of the make-up water and plant contaminants. Trials are being made 
with the timber packing untreated and treated with two of the modern water-soluble 
preservatives. ‘Soft rot’”’ (chaetomium species) has been detected in one or two of 
the towers, and although 6 years is too short a period in which to obtain conclusive 
results it is clear that these preservatives have not ensured complete immunity from 
this type of attack. Further trials are being made with a new preservative which, 
it is claimed, is less liable to be leached out of the timber and is more toxic. _From 
previous experience on about fifty cooling towers for Imperial Chemical Industries Ltd, 
the design has been based on a timber life for the packing (Scandinavian softwoods) 


wf 15 years. In certain cases a shorter life than 15 years will occur. Glass laths 
lave already been used successfully on a large scale and the use of other materials, 
sufficiently cheap to be competitive with timber, such as asbestos cement and thin 
| plastic sections, is being examined. 
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osts , 
_ From an analysis of the actual costs on a number of installations, unit costs have 
geen derived which are useful for economic assessments, i.e., for comparing one 
scheme against another, but have to be used with caution as a basis for cost estimates. 
The items below show an analysis of the overall cost of a cooling-water installation; 
they refer to one 32-ft-sq. unit when it forms part of a large tower and include 
typical extras over and above the cost of the tower itself. 
| The figures in Table 2 emphasize the very large proportion of the total cost required 
| for the water mains even under normal circumstances. It is this factor which makes 
it cheaper on a large industrial site to install smaller cooling towers at the place 
| where the water is used than to install a large tower centrally and distribute the 
| 


water to the plants concerned. 


TABLE 2.—TYPICAL COSTS FOR GRID-PACKED INDUCED-DRAUGHT TOWERS 


| ic £ 
IMBIPSISOCHATZOR be spt pe sh supe yo 2,000 
| Structure, foundations, pond (all concrete) 33% less for wooden 
| at £5-4/sq. ft . free gmetad ghee gis 5,530 structure 
/ 10-20% more for 
elevation on stilts 
| Packing (11 ft high) at 8s 6d/cu. ft . . . | 4,800 
| Distributor 1lés/sq. ft . . . . . « « | 770 
One 24-ft-dia. fan (4-bladed) . . . . . 900 
| Slow-speed 50-h.p. motor and starter (150 
| Tua heparan anes net maa aaa aan eet: 1,700 
_ Installation of fan and drive plus ventilation, 
| wiring, lifting beam, etc. . . . + - 570 
Moraletom vowel «) 4008 6 ns 14,270 
Clearing site, access, and drains . . - - 2,500 
| Underground mains. . . - . + + - | 8,000 
| Pumping plant . . . - +» + + + + | 5,000 All these costs can 
Power distribution, lighting . . - - - | 2,000 vary widely 
Water-treatment equipment . . . - -; 3,000 
DSinIGnts ee ee eee 500 
Total for services,etc . . . -; 21,500 
Total for installation . . . - 37,770 


Twenty-four-ft-dia. fans are used only when towers are large enough to consist of 
a number of units. For smaller towers, consisting of one or two units, 12-ft-dia. 
fans are used to give flexibility in taking fans off-line for maintenance. Direct drive 
is used for both the 12-ft- and 24-ft-dia. fans. An economic comparison with 
_ reduction-gear drives is given in Table 3. 
In view of the lower running cost of the direct drives and the heavy, but uncertain, 
cost of maintenance on the gear drives, direct drive is now adopted. 
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TABLE 3.—COST DATA FOR FAN DRIVES 
(Based on one 32-ft-sq. unit) 


a ; 
| 


Four 12-ft-dia. fans One 24-ft-dia. fan 
Direct |Reduction| Direct | Reduction F 
gear gear 
z 5 “s 8 
Fans Se re SM ny he Oe oh 700 700 900 900 
Drive . pre 3 ye —— 480 — 580 
Motors and starters 2 des 2,300 420 1,700 360 
Erection, wiring, lifting beams, ote. ar 720 740 570 590 
3,720 2,340 3,170 2,430 
Fan static efficiency: % . . . . . 60 60 78 78 . 
Motor efficiency: % . Reet ie 83 88 84. 88 
Transmission efficiency : of ee ese 100 75 100 75 
Overall efficiency: % . 50 40 66 52 
Annual cost of power for air rate of 
2 x 10° lb/hour and a pressure drop 
(11 ft of packing) of 0-44 in. of water 
(1 kWh costs 0:85d)  . . 1,430 1,790 1,080 1,370 


The cost calculations to determine the optimum design of tower have already been 
given in full elsewhere * but, because of changes in the cost data since 1950 and a 
slight difference in method, a brief recapitulation is given in the Appendix. The © 
economic air velocity (based on the empty tower) is still 7 ft/sec but, because of the 
greater rate of increase in concrete costs relative to packing costs, towers tend to be 
thinner and taller; the economic height of packing is now about 9 to 13 ft. 

No attempt is made in the Paper to carry out a cost comparison of the grid- 
packed tower with a mechanical-draught splash tower or with a natural-draught 
tower. The purpose of the Paper is to put on record data on one particular type of 
tower which would help to make such a comparison possible. However, calculations 
by the Authors using the limited data available to them show quite definitely that, 
for the relatively difficult cooling duties which are economic on chemical plants but 
not, apparently, on power-generation plant, mechanical-draught towers provide 
cheaper water than natural-draught towers. In the mechanical-draught field the 
mechanical-draught grid-packed tower with its film-flow packing was a considerable 
advance in design over the splash-packed forced-draught tower, especially for the 
larger installations, but the advantage compared with modern types of splash tower, 
though positive, is much less. 

A general approach to the economic design of film-flow packings was published 
recently by Margen ** who claimed that the method could be extended to splash 
packings. When suitable performance data are available on splash packings econo- 
mic comparisons of the type mentioned above can then be made. The Authors 
consider it very desirable that such information should become available so that the 
customer is in a position to make these preliminary assessments; it enables him to 
specify, in greater detail, and to appropriate contractors, his particular requirements. 
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APPENDIX 
OPTIMUM ECONOMIC DESIGN 


It is assumed that the duty of the tower is given, i.e., the water rate and temperatures 
are fixed, but the air velocity and the air rate need to be determined. There is an infinite 
number of towers which will do the given duty but only one, the optimum, which results 
in a minimum value for the sum of the power costs and capital charges. Only those costs 
which influence the position of the optimum need be included in the expression for “total 
marginal cost of cooling water.” For the purpose of the analysis these costs are called 
marginal; these exclude the costs of fixed items common to all schemes. 


Costing procedure 

The chief marginal costs depe 4 
the water pumping height (or height of packing) 
tower. ‘The datain Table 4 hold for a tower with 
fans, direct driven. 


nd on the tower cross-sectional area, the volume of packing, 
, and the air pressure drop through the 
an 11-ft height of packing and 24-ft-dia. 


104 SMITH AND WILLIAMSON ON THE DEVELOPMENT OF A 


TABLE 4 


J eee eee 
Annual charge 


; Return | Main- 
Item Unit cost on Scant (Tofal ¢ 
capital: of, A 
_ O/ 
/0 

Structure, pond. | £5-4/sq. ft 
Lifting beam, 124 24 15 6-0 X 0-15 = 0-90 

electrical wiring | £0-6/sq. ft 
Fans, motors, 

starters. . . | £2-55/sq. ft 

123 7 20 3°3 X 0-2 = 0-66 
Distributor .  . | £0-75/sq. ft 
Cs = 1-56/sq. ft 

Grid packing . | £0-425/cu. ft} 123 7k 20 | Cp = 0:085/eu. ft A 
— qe oo —_ + Z 
Fan power (over- ? 

all efficiency = 

66%) -. - «| 0-85d/kWh | — — — | Of =50x 10-4/16-m.atm 

/hour 

er eee g 
Water-pump 4 

power (overall ¥ 

efficiency =70%)| 0-85d/kWh _ — — |Cyw = 1-67 x 10-5/Ib.-ft/hour 


The total marginal cost of providing w lb/hour of water is given by the sum of the — 
following four factors: : 


t = C;.¢ +. Cp.al =P Cy wl + Cr. Gi Ap 2 os won Ch) 
Total annual tower packing water fan power 
marginal cost cost cost pumping cost 
(excluding cost 
packing) 


where @ denotes cross-sectional area of the tower in sq. ft. 
» height of packing in feet. 
- air rate in lb/hour. 
RBs igs water rate in lb/hour, 
f= Ghw Ib/lb, 
Ap dedotes pressure drop through the tower, m,atm. 


Equation (1) can be re-arranged in the form: 


= 05.1(%) + Op -11(5) + Cw. t+ Oy. Pap he ey 


Because of the dependence of J on the air rate G, and the air velocity G/pa, and of 4p 
also on the air velocity, there are only two independent variables in this equation, namely, 
rand G/a. (p is the air density in lb/cu. ft.) - 

The height of packing can be calculated from a knowledge of the cooling duty required 
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? 
_ Total heat of air in equilibrium 
with the water passing 
down the tower Driving force 


at water inlet 


Driving force 
at water exit 


TOTAL HEAT OF AIR 


Total heat of the air as 


heat | 
Tared heat, it passes up the tower 


of inlet air 


Ty, (Exit) Ly, Minter) 
WATER TEMPERATURE 


Fic. 16.—ToTAL HEAT TRANSFER DIAGRAM 


MARGINAL COST: PENCE PER | ,000 GALLONS 


¥ AIR/WATER RATIO: LB/LB 
(a) ECONOMIC AIR/ WATER RATIOS 


oo erg 


Minimum values 
taken from Fig !7a 


MARGINAL COST; PENCE PER 1,000 GALLONS 


7 
AIR VELOCITY: FT/SEC 


(b) ECONOMIC AIR VELOCITY 


Fra. 17 
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and the transfer characteristics of the packing, using the total-heat equation as develope ; 


for water-cooling analyses, namely: = 


1 
W(tys = tw1) = 0-623 . kgs . al ° AHm che (2) 
Heat lost by the volume volume mean 
water and gained transfer of driving 
by the air coefficient packing force 


7 
. 


ws» tw, denote inlet, exit water temperatures in °F 


kgs denotes volume-transfer coefficient (obtained from Fig. 5a), Ib/hour-ft*-atm. [ 
m »» mean driving force (given by the harmonic mean of the ordinate intercepts 
between the two lines on a diagram of the type shown in Fig. 16),B.Th.U/Ib. 


The pressure drop through the tower is given by the equation: d 


G 2 
Pressure drop = constant (number of velocity heads lost) x w(C, ) m.atm 


i.e., Ap = 0-0147(31 + 5) Xx to( = ): m.atm 


A straightforward, though rather tedious, method of obtaining the minimum value of 
O; is illustrated by an example. Quicker methods are available but they tend to obscure 
the principles, which are all that it is desired to demonstrate in this Appendix. i 


Example of the determination of optimum tower design 

A tower is to cool water from 87-8° F (31° C) to 69:8° F (21° C) with ambient conditions 
of 62-8° F (17-1° C) wet-bulb temperature. 

With successive choices of air velocity of 5, 6, 7, and 8 ft/sec, the value of C; in equation — 
(1a) is calculated for various values ofr. Fig. 17a shows the curves obtained. The slightly 
different shape of the curve for 8 ft/sec is due to the inclusion at velocities above 7 ft/sec — 
of a spray eliminator—an extra five velocity heads are included in the pressure drop in 

_ equation (4). : 

The minimum values of C; are then shown plotted in Fig. 17b. The optimum air 
velocity is 7 ft/sec and recalculation with the corresponding optimum air/water ratio of 
1-23 gives a packed height of 11 ft. 

Similar calculations for other cooling duties over a wide range reveal that the optimum 
air velocity is fairly constant at about 7 ft/sec and the optimum air/water ratios result 
in packing heights in the range 9 to 13 ft. 


The Paper, which was received on the 6th August,1955, is accompanied by thirteen 
photographs and nine sheets of diagrams, from which the half-tone page plates and 
the Figures in the text have been prepared, and by the following Appendix. 


CORRESPONDENCE on this Paper should be forwarded to reach the Institution 
before the 15th March, 1956. Contributions should not exceed 1,200 words.—Src. 


Discussion 


Wing-Commander T. R. Cave-Browne-Cave (Consultant) said that during the 
1939-45 war he had spent a considerable time inside the cooling towers of Hams Hall and 
had been much impressed by the completely disorganized movement of air inside the 
tower. In certain places water descended with great air streams actually blowing down 
on top of the packing. He had been very impressed by the effect of the falling water on 
the air movement. He concluded that it was desirable to avoid liquid water in the upper 
part of the tower, and therefore to depend entirely on film contact. 

After the war he had carried out some experiments at Southampton to determine 
whether it was possible to arrange for the water to flow vertically downwards over flat 
continuous sheets, covered with a film of water. He found that very high air speeds 


, 
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: ould be used over the sheets before the water formed waves and was blown off but, since 
experimental facilities at Southampton were not equal to those at Billingham, he had 
‘not gontinued his tests, but had described his recommendations and tests to Billingham. 
L If air at 60°F outside the tower was heated to 80°F inside the tower there was a certain 
decrease in density. If the air was then saturated a further decrease in density occurred. 
: The total decrease was quite small, about 5%. If that air contained a quantity of falling 
: pater the direction of motion might be reversed, because the water suspended in the air 
added to the weight of the warm column, and might annul its buoyancy. In natural- 
: draught towers that buoyancy was essential; even in forced-draught towers the buoyancy 
of the air when it got outside was a very useful factor to resist recirculation. 
a It was surprising that the most satisfactory form of film-type packing was that described 
‘in the Paper, consisting of $-in. x 2-in. battens crossed and at a pitch of 2in. Friction 
drag on that surface was beneficial and caused the evaporation of water and the cooling. 
Form drag resulting from the bad shape was of little, if any, benefit. How bad that 
form drag had been was shown by data on p. 91, from which he deduced that the 
‘Tesistance in the packing was eight times the resistance at the intake. He preferred 
long vertical sheets of material over which the water would flow down uniformly, and 
“which would give useful friction drag and almost no form drag. Could the Authors say 
whether they regarded that as wrong or if it had been inconvenient to arrange 2 

With regard to propellers he thought that the difficulty experienced with the gearbox 
was caused by the two bearings being too close together. In the Royal Air Force at the 
beginning of the war efforts had been made to achieve static balance of large airscrews to 
1 in.-oz, overlooking the fact that the greatest unbalanced couple on the propeller, and 
therefore on the machine, arose not from the out-of-balance force but from the variation 
of thrust between one blade and another. It arose partly from variation in shape, partly 
from variation in the angle at which the blade was set, and partly from inflow into the 
‘propeller. Those forces were very large. 

He thought it would be wise, therefore, to carry the fan on a solid vertical shaft of con- 
siderable length, with a bearing at the bottom which would take the out-of-balance 
couple. The gearbox should be carried on that shaft. The efficiencies which the Authors 
recorded were surprisingly low; their suggestion that that might be the result of bearing 
trouble in the gearbox and lack of alignment was probably correct. An arrangement 
such as he suggested, therefore, might produce a great improvement. 

It might be found, moreover, that through the centre of the airscrew a considerable 
amount of recirculation was taking place; that could be avoided by a boss fairing of con- 
siderable diameter. By adding a streamlined tail a closer approach would be made to 
airscrew practice, and would probably produce a considerable improvement. 


Mr B. Wood (of Messrs Merz & McLellan) pointed out that the Authors had 
explained that their remarks were applicable to towers in the chemical industry and not 
to those for power stations. He hoped that would not be lost sight of. It was widely 
supposed that since the Americans used mechanical draught, the power station industry 
in Britain was out of date in relying largely on natural draught. In fact the position was 
the reverse: until recent years few large power stations in the U.S.A. had required to use 
cooling towers since most were sited on large rivers. Cooling towers were now becoming 
necessary and, since mechanical-draught towers had not proved satisfactory, there w as 
at present a search for an alternative which might well result in the adoption of the 
natural-draught tower as known in Britain. 

All the defects mentioned by the Authors were known in the U.S.A. Gearboxes, fans, 
motors, and timber gave trouble and 90% of the towers failed to meet their guarantees. 
Recirculation was now recognized to be serious and high chimneys had been fitted ite 
many towers. Induced draught had not cured the recirculation trouble which hi 
erroneously attributed to forced draught per se. Forced draught was greet. 
hastily condemned in favour of induced draught, which had brought with it new phe 
gearbox troubles which did not occur with forced draught, as well as higher head loss, 
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higher fan power, and higher costs. In one case known to Mr Wood the fan power in an 
induced-draught tower had turned out to be 50% above what it was supposed to be.\ The 
reason had not yet been fully isolated, that was, whether it lay in the fan or the gearbox. 
One remedy was to return to forced draught with suitable precautions to limit recircula- 
tion, for example, by letting air pass to the lee side under the tower. 

He thought the Authors had fallen into the trap of thinking that what was not published 
was not knowledge. In dealing with carry-over they gave a reference to 1948, whereas 
Mr Wood had known as early as 1932/3 that the explanation of precipitation from the 
plume was untenable and that tests about that time had shown that the salt content of 
caught deposits was that of the pond water. That information was not, however, 
published. 

Regarding economics he suggested that electricity should be charged on a two-part — 
tariff, not on a flat rate. That could make a big difference in economic studies since, ifs 
the tower was used for even half an hour in the winter, it would incur the full demand % 
charge of £5 or £6 per kW year. Hence load factor was generally of less account than — 
might be supposed. 

Although the Authors had said that the film-packed tower represented an advance in — 
design, Mr Wood had not found it commercially competitive with splash-bar designs in — 
his comparisons of tenders. The common notion that a mechanical draught tower was — 
a great deal cheaper than a natural draught one was not borne out by tenders. Mr Wood * 
said that when mechanical draught was offered to a specification which required recircu- _ 
lation to be taken into account, namely, by measuring the wet bulb away from the tower 
influence, then the saving would be only 15 to 20%, which was not generally enough to — 
pay for the capitalized fan power. It would certainly not cover also an insurance against 
troubles with the “‘gadgets’’ which were absent with natural draught. 

He thought, therefore, that for installations of say, 1,000,000 or 2,000,000 g.p.h. and — 
upwards where it was necessary to get the vapour away at high elevation or where fan — 
noise could not be tolerated, there was no present alternative to the natural-draught 
tower as used in England. 


Mr H. Chilton (Research and Development Engineer, C. A. Parsons Ltd) said some 
of the problems which the Authors seemed almost to have taken in their stride had long 
been troubling cooling-tower designers. One example was the work on the recirculation — 
of heated air, on which he would like to have more information. 3 

On p. 98 a recirculation ratio of 8% was mentioned. Did that refer to a single row of 
towers with the wind at right-angles to the major axis; if so, could it be assumed that 
recirculation would be less troublesome if the wind was parallel to the major axis? He 
would be grateful if the Authors could offer some actual design figures on the assumed 
recirculation rates in the design of, say, single and multiple lines of mechanical-draught 
- towers, assuming fairly good site conditions. 

He thought that some circulation difficulties might have been caused by abandoning 
the louvered inlet in favour of a solid central dividing wall. There was much in favour of 
the louvered inlet, because it could be so designed to provide a net air-flow outwards 
through the leeward side inlet without losing any water, because the louvered inlet 
worked as a crude sort of eliminator. Experiments indicated that the louvered inlet 
might be improved by a rather lower resistance to air-flow; that would be easy to arrange 
by making the louvers closer to the horizontal. 

In regard to the almost astoundingly low efficiency of the worm-gearboxes, it was 
surprising that if the load factor was high enough direct drive could be economically 
sound. Of course the delivery of the large special slow-speed motors was so poor that 
very often a contractor was prevented from offering direct drive by that alone. 

The deterioration of timber packings was important in cooling-tower economics. The 
chaetomium species attack was a surface action, and failure occurred when the thickness 
of the sound timber was reduced to about fin. Grid packing, with its fairly thin layers, 
might be supposed to fail more quickly than the more substantial timber in splash-bar 
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! acking, even allowing for the grids being much better supported. Even, however, if the 
ume life was assumed for both types, it should be remembered that the cost of replacing 
the grid packing was several times above the cost of replacing splash-bar packing. Had 
the Authors taken that into account in their comparison? 

& There were, of course, other factors in favour of splash-bar packing. The timber type 
2 shell construction, which was cheaper, tended to favour splash-bar packing, as did 
such factors as easy cooling duty, dirty circulating water, circumstances in which the 
pump head was irrelevant, and possibly low load factor, He hoped, therefore, that the 
Authors would agree with his suggestion that there might still be a very useful commercial 
field for the older type of splash packing, as well as for the new film-type packing which 
they had so ably developed. 


| Mr W. J. King-Smith (Technical Manager, The Airscrew Company & Jicwood Ltd) 
said that the Authors had referred to ice formation on fan blades, particularly with 
forced-draught cooling-towers, and had suggested that the difficulty could partly be over- 
come by using induced-draught fans. It seemed probable, however, that in winter 
eooling,-~when the fans would presumably be stationary for much of their working time, 
there might also be an icing problem with the induced-draught fan. If that was the case, 
it would be very interesting to know what methods I.C.I. Ltd had employed to overcome 
the problem. He imagined that they had probably used de-icing pastes, but information 
would be of interest. Had they any other method of overcoming the possible difficulty ? 

That led him to the question of the importance of icing on fan performance. In Fig. 7 

there was a graphic illustration of the effect of dirt on fan performance. It was obvious 
that when the fan contour was spoilt by dirt, performance would be reduced, and ice could 
have the same effect. It was particularly annoying in forced-draught applications. He 
had seen an installation at a gasworks where there was a thick hard crusted deposit on 
the blade which had to be chipped off, and which had been 1/16 in. thick or more. What 
degree of dirtiness gave the 4 to 5% reduction in performance referred to by the Authors? 
He would like to see how it compared with what his company had found from experience. 
Again, with regard to drop in efficiency, had that been brought about by increased power 
input, as well as by reduction in performance, or was it from one cause only? ; 
Mr Williamson had mentioned the difficulty of obtaining satisfactory results in static 
pressure measurements. Mr King-Smith was interested in the point because he had 
intended to ask the Authors where they had actually measured their static pressure in 
the towers and whether they had selected those points as a result of laboratory work done 
on their model tower. Clearly the actual siting of the points must have had a big influence 
on the results obtained. 

Why had the Authors chosen four-bladed instead of two-bladed fans? There was, of 
course, a difference, though not very large, in efficiency. In forced-draught applications 
two-bladed fans had sometimes given severe trouble owing to wave formation in ponds, 
but the same disadvantage did not apply to the induced-draught fan. He could only 
assume that four blades had been used to obtain a more even distribution through the 
packing than occurred with the two-bladed fan. 

In connexion with the difference in efficiency between the 24-ft four-bladed fan and 
the 12-ft four-bladed fan—not so much the absolute difference in efficiency but the way 
in which it fell short of the manufacturers’ curves, as given in Fig. 7—he thought that 
difference could be accounted for solely by the difference in design of the tower outlet. 
From Fig. 8 the 24-ft-fan tower outlet was well flared and shaped, but the 12-ft-fan outlet 
was almost straight, with only a slightly chamfered inlet to the fan. That difference 
could account for the difference in performance. 

With regard to power loss from gearboxes and whether it was contributed to by aero- 
dynamic out-of-balance or some other cause, he did not know the answer but would be 
interested to hear what gearbox manufacturers had to say. In the experience of his 
company, which was not quite the same as that of the Authors, they had found that the 

ore with the worm-wheel than with the bearings. There might be many 


trouble lay far m > ma 
reason for that, but he thought much of the trouble might be due to bad lubrication 
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from one cause or another. From the diagrams in the Paper it appeared that the motor- 
driven arrangement was not basically different so far as the bearings were concerned from 
the gearbox arrangement. Although the bearings might be a little farther apart, the 
difference was not sufficient to decide between success and failure. Breather pipes were 
shown, however, from the motor to the outside of the tower, but there were no analogous | 
pipes from the gearbox. He thought there might be some type of emulsification of the 
lubricating oil which might affect performance. He would be interested in any sugges: 
tions on those lines, because he had always found that it was almost impossible to attribute 
the extra load to the fan. Fan design was a fairly exact science, and little miscalculation 
was made with powers required, but vastly lower efficiencies on the gearbox and drive 
assembly did occur. 


Mr G. Ripley and Mr R. C. Hutchinson (Technical Engineers, Davenport Engi- 
neering Co. Ltd) felt that it would be interesting to compare the economics of splash-bar 
and film-flow packings. Fig. 18 showed the characteristics of a typical splash-bar fill. 
The results had been obtained from a 5-ft-square experimental tower and represented 
the characteristics of splash packings in general. Although several packings had been 
tested in the tower, none had been found to have an overall efficiency better than the | 
others. The transfer coefficients had been confirmed in a large tower, although the 
pressure loss was lower in the field test than on the small experimental tower ; that was : 
due, no doubt, to the difficulty of taking measurements in the large tower, particularly — 
since the tests had been undertaken when fairly strong winds prevailed. 

Using the characteristics shown in Fig. 18 and the information in the Paper, it became 
possible to design both a splash-packed and a film-flow tower to undertake a specified 
duty. The comparative sizes of the towers were shown in Fig. 19. The basis of the 
comparison between the two types of packing was the assumption that the towers were 
to work continuously throughout their operational life. Furthermore, it had been 
assumed that the shells of the towers were of reinforced concrete. The splash-packed 
tower was an economic design in the sense that the operating air velocity was 6 ft/sec 
and the air/water ratio had been derived from cost considerations as applied to the film- 
flow tower. That accounted for the obvious increase in the cross-sectional area of the 
two types of packing. 

Using the information in the Paper, it was possible to compare the capital and running 
costs of the two towers. In relation to costing, a point not mentioned by the Authors 
was the cost of the splash-bar packing, which Messrs Ripley and Hutchinson had assumed 
as 2s/cu. ft. Fig. 18 showed that the capital cost of the splash-bar-packed tower was 
slightly less than that of the film-flow tower, but when running costs were considered 
the film-flow type was easily the better. The comparison obviously favoured the film- 
flow packing because the operational cycle was continuous; there was, however, a definite 
case for splash-bar packings, and he would like to mention a few instances. 

‘The first was where an industrial plant had to operate only in a short cycle, probably 
8 hours a day and 5 days a week. In that case the velocity of the air through the packing 
could be increased, with the consequence that capital expenditure on the plant would be 
less. Admittedly the running costs per hour would be higher, but that would not have 
the same effect in the conditions envisaged as with continuous operation. Secondly, on 
many gas stations the water was fed by gravity from the condensers direct to the cooling 
tower, so that running costs of the two types of plant came closer together. Finally, 
where dirty water was used in cooling towers film-flow packings were not advisable. 
Since the distance between the laths was only 2 in., there was a possibility of bridging 
over with dirt and the trough distributors readily became clogged. As soon as that 
occurred there was a marked loss in efficiency, whilst in addition mechanical carry-over 
could be a nuisance. It should be remembered that eliminator screens were not usually 
fitted to film-flow towers. 

In conclusion, they would advise all purchasers of cooling towers that it was essential to 
give the manufacturers the true operational cycle of the tower, and to state what type 
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Fre. 18.—CHARACTERISTICS OF A SPLASH-PACKING 


“Spray eliminator? 
<—32- ft square 354- ft square 
Ear [a Sark etree Sis 5 | 


Duty: 180,000 gal/hour 90°F to 72°F Wet-bulb 63°F 


(a) FILM-FLOW TOWER (b) SPLASH-PACKED TOWER 


Tower Film-flow Splash-packed 


Initial capital cost of concrete shell, 


pond, fan, motor, eto Bie? £9,000 £10,700 
Initial capital cost of packing . . £4,950 £2,900 
Annual cost of pumping water . . £700 £930 
Annual fan power cost. . - - £900 £1,210 


a 


Fra. 19.—CoMPARATIVE SIZES OF FILM-FLOW AND SPLASH-PACKED 
WATER-COOLING TOWERS 
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of water was to be in circulation, so that the manufacturers could decide whether it was | 
better to install a film-flow or a splash-type tower; otherwise the purchaser might buy 
the wrong type of plant. 
Mr R.I. Newsome (External Research Engineer, Messrs David Brown & Sons” 
(Hudd.) Ltd) asked for additional information on gear-driven fans. There was an 
appreciable difference between the results obtained from tests on a gear unit alone and 
the figure of 75% given in Table 3. In order to measure the efficiency of the type of | 
unit normally employed in a cooling-tower fan drive, a 5:1 ratio 6-in. centres worm-gear 
unit was interposed between a trunnion-mounted motor running at 1,140 r.p.m. and a_ 
water-cooled prong brake. Input and output torque values were recorded, from: which | 
the efficiency curve was calculated for full-rated power and smaller input powers. Even 
assuming an input power of 5 h.p. the efficiency was in the region of 90% and, since the 
no-load losses were constant and the tooth losses were directly proportional to the load, | 
it was clear that the maximum efficiency was achieved only at full load, which in the 
unit in question was about 22 h.p. Some explanation of the difference between the two 
efficiency values was therefore needed. . 
The Authors touched on one explanation when they made the following comment on 
p. 96: “The lower efficiencies obtained in actual operation are thought to arise from out- 
of-balance aerodynamic forces, which result in extra friction in the bearings; this belief! 
is supported by the unexpectedly high maintenance on bearings.”” Whether extra friction: 
was present or not, there could be no doubt that bearing failures in standard vertical — 
units operating under the conditions described in the Paper were above the norma] | 
expectation. That was more surprising when it was realized that all those units were | 
operating well below their normal industrial ratings, and it emphasized the probability of 
the suggestion that the trouble was the result of some unknown extraneous condition. 
His firm had developed a new type of gearbox for cooling-tower fan drives which 
embodied the following features. It had an extended bearing span, and extra roller 
bearings were fitted at the top and bottom of the wheel shaft in addition to the normal, 
angular contact thrust bearings. They had been fitted to cater for the out-of-balance 
aerodynamic forces or other unfavourable conditions occurring in operation. In addition, ; 
positive pumped lubrication was provided for in the top wheel-shaft bearings, a plunger 
pump supplying the oil. Double oil-seals separated by a grease chamber were fitted on 
each shaft projection. An umbrella-type of deflector was sometimes fitted at the output 
side of the unit to prevent ingress of water, : 
With regard to cost, the production of such units was of course non-standard, but the 
benefits to be gained from the use of that special type would, he believed, far outweigh 
the small extra cost involved. 


Mr E. Talbot (Deputy Manager, Special Products Department, Head, Wrightson 
Processes Ltd) said that the Authors had reached some interesting conclusions on the 
design and operation of a particular type of mechanical draught cooling tower, but their 
conclusions could not be applied generally for the following reasons. 

First, he felt that it was incorrect to draw an analogy between water cooling and gas 
absorption; although similar theoretical considerations might be applied, the practic 
problem was entirely different. Gas absorption usually involved scrubbing a gas with a 
clean liquid. Under such conditions a non-fouling film-type packing was ideal. In 
water-cooling, however, the packing of the cooling-tower was open to the atmosphere 
and the gas—namely, air—contained all the dust and foreign matter associated with an 
industrial atmosphere. The water supply was very rarely totally enclosed, as usuall 
the case with the liquid of a gas-absorption process, so that considerable water polltingt 
particularly from oily matter, could occur unless great care was exercised. il from su * 
materials might cause the water film on the packing to break down into small rivniell 
leading to splashing and excessive spray carry-over unless drift eliminators were fitted. 
Almost invariably in cost analyses drift eliminators were not included in film packings 


‘ 
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For those reasons, splash packings had been developed, because essentially they were 
non-clog packings ideally suited to industrial atmospheres. 
Secondly, the statement at the foot of p. 102 that film-flow packing showed an advantage 
over modern types of splash tower was also open to doubt. Extensive experiments on 
an 18-ft-square test cooling-tower conducted in America on film-type packings had 
shown no advantage over the advanced type of splash packing currently used there. 
Those tests were substantiated because almost all American cooling-tower manufacturers 
ed splash packing for their towers, which were between five and ten times more numerous 
than the total installed in Britain, including natural-draught cooling towers. 
Thirdly, he could not agree with the conclusions on the mechanical equipment on cooling 
towers, with regard to the efficiency of gears decreasing substantially under cooling-tower 
conditions. Experiments had shown, on both small-scale and large-scale tests, that it 
was the fan which underwent a marked change in efficiency under cooling-tower condi- 
tions even when a streamlined throat to the fan stack was used. It had been found from 
tests on many types of fan that the fan efficiency was usually 10 to 20% less than for corre- 
‘sponding airflows when tested under British Standard conditions. Those results had 
been obtained on both direct-drive and spiral-bevel gear-drive units, and indicated that 
fan manufacturers’ performance figures based on British Standard conditions were un- 
reliable for cooling-tower applications, but gear manufacturers’ efficiencies did not appear 
: P be far wrong. 
The unsatisfactory operation of reduction gears was a matter on which he endorsed 

Newsome’s remarks, but he did believe much of the trouble indicated in the Paper 
‘resulted from incorrect sizing of the boxes by the gear manufacturers. Adequate sizing 
of the gearbox was essential, since the box had to carry a large-diameter fan with its 
associated loads and vibrations. In Mr Talbot’s experience, if the boxes were sized on 
the basis of the American Gear Manufacturers Association standards, with one or two 
extra refinements, they would be quite reliable. The main additions should be an 

nerease in the spacing between the output-shaft bearings, the addition of extra roller 
earings, and—a point which he thought had not been given sufficient attention— 
adequate stiffness of the gear case. 
” The remarks referring to American difficulties with mechanical equipment no longer 
applied, since first of all they had been based on a Paper * given in 1951. At that period 
cooling-tower manufacturers were very aware of the difficulties, and conducted extensive 
experimental tests to eliminate them. When Mr Talbot visited the United States in 
August 1955 he had been able to examine the operating records of more than 1,000 fan 
and gearbox installations on induced-draught cooling towers and, in contradistinction to 
what Mr Wood had said, there had been only one case in which serious trouble had arisen. 


Mr R. F. Rish (Generation Design Branch, C.H.A.), congratulating the Authors on 
an excellent design for cooling the small amount of water required in chemical practice, 
said that when large quantities of water were concerned, on the scale of a central power 
station, if cooling was attempted by multiplying the number of small units very heavy 
capital costs would be entailed. For example, a circulation of 3,600,000 g-p-h., with a 

cooling range of 20°F and a 15° approach to a wet-bulb temperature of 62:8 and a 
humidity of 80%, would require one natural-draught tower about 330 ft high and 220 ft 
‘base diameter. Jt would cost about £160,000 + £15,000. — For mechanical-draught units 
using the methods shown by Jackson 4 there would be thirteen 32-ft-square cells. They 
would work out at £20,000 per cell, using the figures given in the Paper allowing for 
clearing the site and for extra pipes, cables, and switch-gear. The capital cost thence 
would be about £260,000. When the power costs were taken into account, using 24-ft 
fans with direct drive, but making allowance for the smaller pumping pant, the capitalized 
total cost of the mechanical-draught towers plus power costs came to 2} times the cost 
- tower. os 
: Pic a capi oe to the wet-bulb temperature than 15° was required, the ae 
changed a little. If 11° was specified two natural-draught towers ee be Be aay 
about 300 ft high and 190 ft diameter, at a cost of about £250,000. For the same duty, 
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using grid-packed mechanical-draught cells, sixteen cells would be required at £20,000 
each, making a total of £320,000. Taking the capitalized power costs into account on 
the same basis as laid down in the Paper, the total capitalized cost would then reduce to 
twice the cost of the natural-draught towers. : 

Those differential costs seemed to be rather higher than the Central Electricity Authority 
had experienced. When inquiries had been made for mechanical-draught towers and for 
natural-draught towers for the same duty, the capital costs had been about the same when — 
piping and switchgear had been included. It was only when power costs had been taken 
into account that the mechanical-draught towers had to be rejected on economic grounds, — 
The fantastically high cost for mechanical-draught towers appeared to be due to the 
attempt to multiply the scale by adding small units. If the capital cost was to be brought 
down, it seemed practical to build one large mechanical-draught unit with perhaps a_ 
60-ft-dia. fan and a chimney 100 ft high. The chimney would take the plume away and — 
prevent nuisance and recirculation, and would reduce the fan power by auxiliary natural — 
draught. Such towers had already been built in Germany, and he had read of one at : 
Essen built on that principle. 4 

Finally, he would like to ask the Authors whether the duty chosen for the mechanical-_ 
draught cells had been proposed on the basis of engineering economics or had been laid 
down by the chemists of L.C.I. Ltd. 

’ 3 

Mr F. F. Ross (Assistant to Chief Chemist, Central Electricity Authority) referred 
to the paragraph on timber life on p. 100, The Authors had stated that “soft rot” had _ 
been detected in one or two of their towers. Mr Ross said that the Central Electricity — 
Authority had found “‘soft rot’’ in every tower which they had examined, with four : 
exceptions. The exceptions were quite interesting. In one, the tower had been used for ; 
only 3 days a month, and had ample opportunity to dry out in between. In another the 
water was very heavily contaminated with iron salts downstream of a steelworks, whilst 
in another the health authorities required a certain quantity of chlorine to be kept in the 
water, and the chlorine at that concentration might possibly have protected the timber. 
In the fourth case the tower had been in service for only about 6 months. He had not 
examined it recently, and it might now be suffering from “soft rot.”’ 

He did not want to cause alarm and pointed out that “‘soft rot”? was very slow. Under 
average conditions it could be reckoned to eat away the wood from the surface at about 
0-01 in. per year, which meant that the life of unprotected timber under average condi- 
tions largely depended upon its shape and thickness. In that respect Mr Ross agreed with 
Mr Chilton, who thought that -in. timber would not last so long as timber substantially 
thicker. Mr Ross had seen timber of triangular shape, cut diagonally from 2-in. x 2-in 
timber, which had been in service for more than 25 years. It had rotted ahead din ia 
from each surface, but the rotted wood was still in its original shape and fully effectivl 
That was unusual, and in the ordinary way the wood rotted and flaked off at a rate whickl 
was probably affected by the type of water, the degree of recirculation, and the load 
schedule. Very little was known about that. ; 

The Authors had said that preservatives had not ensured complete immunity and that 
further trials were being made with a new preservative. Trials were also being mad 
with an old preservative, but at a greater concentration than before. The present oat 
was that there were two water-borne preservatives which contained salts toxic to “soft 
rot” fungi. Their toxicity had been proved in the laboratory and in short-period (on 
year) tests in cooling towers. By analysing wood which had been in service for m 7 
years it had been shown that those particular salts remained fixed in it. If used in fi 
cient strength to start with, it was therefore reasonable to expect that they would a in 
effective. Since 15 years was not an economic life for power-plant auxiliaries the C EA. 
were trying the preservatives at an adequate level. an 


Mr G. Cc. Parkinson (Chief Engineer, Cooling Tower Dept, L. G. Mouchel & Partners 
Ltd) said he had been interested to read in the Paper of a development parallel to the 
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system expanded by Hutchison and Spivey? in 1942, Mr Parkinson's firm had been 
concerned with that development and had found that the performance per cubic foot of 
packing was exactly similar. Wing-Commander Cave-Browne-Cave had asked about the 
‘timber boards. The Hutchison and Spivey packing had 5-in.-deep boards at 1}-in. 
centres, and the performance was obtained with two-thirds of the horsepower required 
by the j-in. board packing. The Hutchison and Spivey Paper also showed that per- 
formance with deep boards of the type described as used in Germany was ineffective 
eompared with boards at right-angles. The performance was greatly stepped up when 
‘the 5-in. boards were turned at right-angles in alternate layers. 

: Fig. 4 showed a 2- to 4-in. gap in film-flow packing. That could cause splash droplets 
because the water had to drop from the top fixed packing to the lower packing. 

It was known from experience that packing with any type of film flow if resting on top 

of itself tended to compress. His firm was at the moment concerned with the first re- 
packing of film-flow packing which was planned to take place in 1956, 11 years after 
installation. That packing was compressed with a loss of approximately 1 ft of height 
on 11 ft of packing. 
_ The Authors had mentioned that vegetation growth in mechanical-draught towers had 
not been experienced. The tower to which Mr Parkinson referred was coated with the 
same sort of film found in natural-draught towers, and where it fell into the troughs it 
could cause an enormous amount of trouble. 

Where the water was dirty, film-flow packing should not be used. In one instance in a 
tower connected with gas purification the guaranteed approach to the web-bulb tempera- 
ture was 8°F. After 2 years the top of the louvers had become covered with a film, which 
dropped the water straight down through the packing. The approach to the wet-bulb 
temperature then became 25°F instead of 8°F. The original back pressure had been 
|0-26-in. (water-gauge), but the actual back pressure became 0-44-in. w.g. 

In America, reversible fans were used for the prevention of ice formation. Could the 
Authors say anything about ice formation on the packing of film-flow towers ? 


The Authors, in reply, referred to Wing-Commander Cave-Browne-Cave’s question 
about the use of vertical sheets instead of the criss-cross grid arrangement. The Authors 
had chosen the shallow grid, in which the depth of the grid was of the order of the pitch 
of the grid, because the effectiveness of the surface in the shallow grid was very much 
greater than that of the plain vertical sheet. If the plain vertical sheet were given a 
figure of performance of 1, then the type of grid which they had used had a surface effect- 
iveness of the order of 4, At the same time the pressure drop per foot of packing also 
increased by a factor of about 16. Thus it was necessary to weigh the advantages of 
lower air-pressure drop for vertical sheets against the advantages of less surface and lower 
water-pumping height for grids. The Authors’ calculations had favoured grids. How- 
ever, it was known that vertical sheets had been used in a natural-draught tower in the 
United Kingdom and were widely used in mechanical-draught towers in Germany. Mr 
Parkinson had said that he used grids where the depth was of the order of 5 in., instead of 
the 2 in. used hy the Authors and, whilst supporting the advantages of grids over vertical 
sheets, he considered that the deeper grids were superior in that they gave a similar 
transfer performance at two-thirds the cost in air-pressure drop. It was known that 
those deeper grids (although not stated by Mr Parkinson) were Lin. thick, and in the light 
of Mr Ross’s data on soft-rot attack it was clear that a %-in.-thick lath would have a 
longer life. If, for instance, it was assumed that the rate of decay was 0-01 in/year 
(both sides) and the lath was renewed when the thickness of good timber had decreased to 
4 in., the length of life would be 6 and 12 years respectively. So again it was necessary 
to strike an economic balance between thin laths and low pressure-drop as against thicker 
laths and longer life. A fully effective timber preservative would make possible the use 
of thin laths and the Authors, in agreement with Mr Ross, attached much importance to 
the development of the “perfect’’ timber preservative. 
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A number of speakers had referred to the low transmission efficiencies on the gear-— 
driven fans. Subsequent to the preparation of the Paper the Authors had carried out | 
experiments in which thermocouples were fixed to a gearbox, and the rise of temperat e 
noted from start-up. The slope of the curve gave the amount of heat generated in : 
gearbox, which corresponded to an efficiency of the order of 78%, compared with the | 
average figure of 75% for the 12-ft-fan gearboxes. That seemed to prove conclusively 
that friction in the gearbox was greater than expected from the manufacturer’s specifi A 
tion. The development described by Mr Newsome of a new type of gearbox for cooling: | 
tower fan drives was therefore of particular interest. 5 

It was possible that Wing-Commander Cave-Browne-Cave’s suggestion of carrying the | 
fan on a fairly long shaft might provide a cheaper solution in allowing a standard normally 
rated gearbox to be used. 

With regard to Mr Chilton’s questions about recirculation when the wind direction was 
along the axis of the tower, the Authors stated that they had no exact information but 
agreed that there might well be an appreciable amount of recirculation when the towe: 
was very long. It should be emphasized that mechanical-draught towers were used i 
mainly for smaller applications where recirculation was no problem, The recirculation” 
ratio of 8% referred to an infinitely long tower in a cross-wind under the most unfavourable 
wind conditions. The average over the year on an existing large installation was estimated 
to be 4%, and it was hoped that the improved baffle arrangements referred to in the Pa 
would reduce that to 2%. The Authors favoured the central baffle because it was quite 
effective in preventing loss of water at the base of the tower and did not constitute a 
resistance to the incoming air. ‘ 

On the question of splash packing versus grid packing, the Authors agreed with the 
comments of Messrs Ripley and Hutchinson, which answered some of the points raised by | 
Messrs Chilton and Talbot. It would seem that no one packing was the universal solutio 
and that the cooling-tower manufacturer should be in a position to offer splash or film-flow 
packing according to which suited the customer’s requirements best. Although not | 
suitable for very dirty conditions, as pointed out by a number of people, particularly where 
there were algae growths, grids were originally developed in the early nineteen-thirties as 
a non-clog packing for use in flue-gas scrubbers on P.F, boilers and on dirty process gases _ 
in gas works. A number of the Authors’ cooling towers took water which had been in 
direct contact with compressor gases. One would expect, as mentioned by Mr Talbot, 
that oily deposits would break the water films. That was not so and the towers were 
operating quite satisfactorily. 

Most of the comments on fans were made by Mr King-Smith, and answers to his queries 
were briefly that no icing trouble had been encountered on fans in the induced-draught 
position, even when not in operation; a very thin layer of dirt, say ¢ in. thick, accounted 
for the 4 to 5% reduction in fan efficiency; the static pressure rise across the fan was meas- — 
ured by a sensitive manometer with multi-point leads to below the fan housing (inside the 
tower) and to the tower roof; the slight departure of fan performance from specification 
was partly reflected in higher power consumption and partly in a lower air rate, and 
finally four-bladed fans were used instead of two-bladed fans because the manufacturer’s 
efficiency figures showed that the higher initial cost of the four-bladed fans was justified 
by its higher efficiency. The Authors wished to point out that the high efficiencies given 
in Fig. 7 of the Paper for the 24-ft-dia. fans were based on a limited number of tests and 
recent check figures were more in keeping with the manufacturer’s characteristic curve. 
The higher efficiency of the 24-ft, compared with the 12-ft, fans might well be, as Mr 
King-Smith had suggested, due to the radiused housing; this point would shortly be 
examined by tests on a 12-ft-fan housing with a radiused inlet. 

Messrs Rish and Wood had stated that for power-station conditions natural-draught 
towers were preferable to mechanical-draught. The Authors would agree but found that 
for the lower water-circulation rates and close approaches to the wet-bulb temperature : 
common in process industries (single installations seldom exceeded 1,000,000 gal/hr) 
mechanical-draught was more economic. Incidentally, Mr Rish’s cost data overstated 
the case against mechanical-draught. The basic, i.e., contractor’s cost of a 32-ft sq. unit 
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‘as nearer £15,000 than £20,000 and might well be less for a very large installation. The 
figures given in the Paper were realistic achieved costs and contained many items not 
normally included by the contractors. _—_- 

_ Finally, with regard to the merits of forced and induced draught, referred to by Mr 
Wood, the Authors maintained that induced draught was essential to reduce the effects of 
recirculation in the large installations. Efforts must, therefore, be made to eliminate 
the present imperfections of fan-drives. When areliable induced drive had been developed 
the Authors considered that it would more than hold its own against forced draught on 


the grounds of freedom from icing trouble, better air distribution, and less dirt deposit 
on the fan blades. 


_ The closing date for Correspondence on the foregoing Paper has now passed. with- 
out the receipt of any communication.—Sxc. 
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The President said the Parsons Memorial Lecture would be delivered by Sir Harold 
Roxbee Cox. The management of the Lectures was in the hands of the Royal Society 
and the Institution was one of the bodies asked from time to time to hold one of them, 
This was the twentieth Memorial Lecture and the third to be arranged by the Institution. 


Sir Harold Roxbee Cox then delivered his Lecture, 
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THE SIR CHARLES PARSONS MEMORIAL LECTURE, 1955 


THE DEVELOPMENT OF THE GAS TURBINE 
by ; 
Sir Harold Roxbee Cox, D.Sc., Ph.D., M.1.Mech.E., F.R.Ae.S. 


7 
: 


INTRODUCTION 


WEN I was asked to deliver the Parsons Memorial Lecture on the development of the 
gas turbine I was conscious of two reactions in quick succession. ‘The first was a 
feeling of pleasure—I was greatly honoured by the invitation. The second was a 
feeling of disquiet—had not so much been said about the gas turbine, not least by 
myself, that there remained little, especially for one who had long ago left the ranks 
of the scientists and designers for the harsher realms of administration, for me to 
say? Whilst this disquiet remained for a long time—it is, indeed, not yet wholly 
dispelled—I was persuaded that there was room for a review which put the gas 
turbine in historical perspective, which was sufficiently technical in content to qualify 
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for the annals of a learned society of engineers, and which was insufficiently so to be a 


bore when read in extenso. Despite the rigour of the last part of that specification, I 


‘decided therefore to accept the honour offered and it is indeed a pleasure to be 


reading to-night this lecture in memor i 

; y of an engineer than whom th 

none greater—Sir Charles Parsons. ‘ AS aerate 
Heat engines are of two kinds—those in which the working fluid is heated by means 

sa to itself, and those in which the working fluid is heated by combustion within 

itself. 
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In the realms of practical power plants, there have for long been piston engines in 
both classes but turbine engines only in one. In recent years, however, we have seen 


the practical development of the internal-combustion turbine, so there are now 


turbine engines in both classes and the symmetry is complete. It is difficult to 
visualize any practical means of converting heat energy into mechanical energy 
except by engines of these four kinds, or combinations of them or their parts. With 
the development of the gas turbine therefore we may consider, if we so wish—and I, 
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for one, confess to finding the thought attractive—that a pattern in the great picture 
of energy transmutation has been completed. We can elaborate the pattern, we can 
fill in the detail, but we cannot enlarge it. There would appear to be no other 
practical engineering ways of driving shafts by means of heated fluids, though the 
heat of nuclear fission can be substituted for the heat of chemical combustion. There 
are attractive hybrids—the gas turbine employing external combustion, called the 
closed-cycle gas turbine, and the Pescara machine in which the compression is — 
performed by pistons and the expansion is through a gas turbine rotor. But for é 
prime movers different in essential character we must await the development of the r 
so-called fuel-cell, in which chemical reactions are transformed into electrical energy 
without the intervention of machinery. More remote, but conceivable, is the simi- 
larly direct transformation of atomic energy into electrical energy. For a long time — 
to come, however, the practical means of transforming it will be by steam or gas 
turbines. 
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The English language grows in a regrettably haphazard way and in the newer 
fields of engineering, wherein we might expect a precision in nomenclature com- 
parable with the precision demanded in manufacture, we find instead generous 
tolerances which James Watt would not have admitted to his vocabulary, whatever _ 
he might have felt appropriate to his engines. The words “gas turbine” are them- 
selves ambiguous. Do they refer to a complete engine or to the turbine rotor in it? 
The word “‘burner”’ is habitually used in the United Kingdom for the fuel injector 
nozzle and not, as would seem more appropriate, for the combustion chamber. 
Generally, by “gas turbine,” I shall mean “‘gas-turbine engine,” the machine which 
in its simplest form consists of a compressor, delivering air to a combustion chamber 
in which it is burned with fuel and from which it passes through a turbine system 
which drives the compressor and a power shaft (Fig. 1). 

Application of the gas turbine in aircraft has produced special variations, The 
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conventional form of gas turbine designed to drive an airscrew conforms to my brief 
definition, but in the simple jet-propulsion engine (Fig. 5), the turbine system drives 
only the compressor and the maximum possible amount of energy is left in the issuing 
Jet, the reaction from which directly produces forward motion. 

3 Forward speed itself induces compression. Produced in this way, the compression 
is called “ram.” At very high speeds the ram in a jet-propulsion engine can be so 
great that a mechanical compressor is superfluous. The need for a turbine wheel 
consequently disappears, and the engine becomes merely an appropriately shaped 
pipe in which fuel is burned (Fig. 6). This engine, which is called a ram jet, is clearly 
hot a gas-turbine engine. But if we put ram jets on the periphery of a wheel reacting 
tangentially to it we would appear to have another form of gas turbine (Fig. 7). A 
variant of this is a jet-propulsion engine delivering its reaction tangentially at the 
rotor tips (Fig. 8). In this form, we seem almost to have slipped back 2,000 years 
to Hero (sometimes called Heron) of Alexandria, father—indeed, grandfather—of 
engineers; but the arrangements, which I think we must class as internal-combustion 
turbines, have been successfully used for driving helicopter rotors. 


Harty History 


_ The commonest form of motion man requires of an engine is rotational motion and 
it is perhaps a little odd that turbine heat engines were not developed sooner. Not 
only did windmills and water wheels set obvious examples, but the first heat engine 
idea, of which we have record, Hero’s (Fig. 9), proposes the direct generation of rota- 
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tion. ‘The need to lift water from mines, however, quite naturally produced the idea 
of piston engines, and their successful development reasonably led to their adaptation 
to the task of generating rotation. But without a pumping problem, development 
might have proceeded differently, for intelligences which refused to be bounded by 
convention existed very early in modern engineering history. Among them John 
Barber’s is worthy of more than passing mention. 


eS, 
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Barber seems to have been a turbine-minded man in a piston age. Bruce has” 
studied his patents! and refers to ‘‘a form of water turbine a in a pumping ong 
patent of 1766, and an elementary form of impulse steam turbine in a patent of 1776. 
The gas turbine patent for which we remember him today was No. 1833 of 1791 
(Fig. 10). The text of the patent, less the formal preamble and ending, is quoted in 
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Appendix I and shows that Barber not only described a gas turbine, but proposed 
water injection for augmenting “both in quantity and velocity” the fluid stream—a 
device used in recent years for boosting jet thrust for aircraft take-off. Incredibly, 


* The references are given on p. 156. 
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nf addition, Barber referred to passing ne fluid stream “out at the stern of any ship, 
boat, barge or other vessel so as by an opposing and impelling power directed against 
the water carrying such vessel, the vessel with the contents may be driven in any 
direction whatsoever.”’ In so proposing to use a gas turbine for jet propulsion of a 
water vessel Barber came so near to anticipating Whittle that one feels that had he 
met his distinguished contemporary, Sir George Cayley, the “father of British 
aeronautics,” he might have done so—on paper, at any rate. Even though Barber’s 
gas turbine did not get far beyond the paper stage—and there is no evidence that it 
did, although Bruce finds good reasons for suggesting that he made practical experi- 
ments—it is a remarkable proposal and one for which his name will forever be revered. 

Almost a century after John Barber’s patent there appeared another in which was 
recorded what Sir Claude Gibb and Dr Bowden have rightly called “the first rational 
conception of a gas turbine as we today interpret the name.’’* This was the patent 
specification No. 6735 of 1884 in which the engineer we are honouring this evening, 
Sir Charles Parsons, described a gas turbine in terms similar to those I used earlier 
this evening. I have included the relevant part of the specification in Appendix IT, 
from which it will be seen that Sir Charles proposed the cooling of the turbine blades, 
a refinement essential to the achievement of high thermal efficiency. 
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B « 
earliest gas-turbine engines employed intermittent combustion of the piston-engine 
kind. This was the 50 h.p. Holzwarth® ® gas turbine of 1908. Another Holzwarth 
engine, this time of a nominal 1,000 h.p. (Fig. 11), was completed in 1910 by Brown 
- Boveri of Mannheim, where it ran experimentally before being moved to the Thyssen’ 
works at Mulheim. A 500 h.p. machine was built in 1920 for the German State Rail- 
ways and, in 1925, a 5,000-kW plant was built for the Muldenstein power station. — 
The German Brown Boveri Company have since built other Holzwarth gas turbines _ 
but, despite the theoretically high efficiencies possible, the type seems unlikely to }} 
survive. It is interesting to record, however, that Professor Belluzzo* reported as _ 
late as 1933 on very interesting results with small Holzwarth-type gas turbines, ine 
which gas temperatures of 1,300°C were sustained with water-cooled turbine blades | 
(see p. 149). A different kind of intermittent-combustion engine (see p. 142) em- 
ploying a turbine—the free-piston engine—is undeniably doing well today, but the | 
main stream of development and construction appears undoubtedly to be on the — 
continuous combustion type, foreshadowed by Barber and Parsons and given a 
tremendous impetus by Whittle and the 1939-45 war. & 

The first gas turbine to work on the constant pressure cycle appears to be the 
25 h.p. machine of Armengaud and Lemale, built at the Paris works of the Société | 
des Turbomoteurs in 1904. This was a combination of a modified de Laval steam 
turbine, a combustion chamber burning atomized petroleum fuel, and a Rateau ? 
centrifugal compressor. The same engineers built a 300 h.p. machine in 1906. In 
this the turbine was a two-row Curtis wheel and the twenty-five-stage compressor 
was of the Rateau centrifugal type built by Brown Boveri. The engine ran but was 
unable to provide effective shaft power.” # 

Progress along what has proved to be the main stream of development was, for a 
quarter of a century after the work of Armengaud and Lemale, very tentative. 
Among the most practical contributions in this period, though in the field of auxili- — 
aries and not of prime movers, was that of Buchi, the Swiss engineer who started — 
in 1905 to work on the supercharging of the diesel engine by means of a blower 
driven by a turbine working in the exhaust stream of the diesel engine. This scheme 
has achieved widespread application and was applied to aircraft piston engines 
notably by Rateau and the American, Sanford Moss. 

Developments contributory to gas-turbine progress came, however, also from the 
field of industrial compressors. In 1901, in his patent No. 3060 of that year, Sir 
Charles Parsons developed the axial-flow compressor ideas of the earlier patent I have 
mentioned. A compressor of this kind was built in that year (Fig. 12) and in general 
appearance was very like a gas turbine axial compressor of today. Other machines 
of the kind were built for industrial duty, but in those early years before the first 
world war the centrifugal type of compressor, successfully developed by Rateau, was 
more efficient. 

The modern gas turbine, which now takes its place as the fourth of the great prime- 
mover systems, springs from a movement which is first clearly apparent in the middle 
1930s. The chief influences at work were Swiss and British, though the work of 
George Jendrassik in Hungary, so little known at the time and, indeed, inadequately 
appreciated until quite recently, was contemporary and remarkable.® 

The Swiss and British efforts were different in character and in sources. The Swiss 
developments had industrial objectives and were largely due to the Brown Boveri 
Company and its chief engineer, Dr Adolf Meyer. The British work was aeronautical 
in origin and its achievements were originally all of aeronautical objectives. In 
practical achievement the Swiss came first. In magnitude of achievement, the direct 
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ult of the British work has been stupendous, since it has produced a new era in 


; : GENESIS OF THE MODERN GAS TURBINE 
In Britain 

t The story of the British effort has been told several times, but sagas are justifiably 
Te-sung. 

b As I have pointed out elsewhere,® the work which led to the British aircraft gas- 
turbine engine came from two main streams and exhibited two very interestingly 
different methods of applied research. This difference, which I do not intend to 
labour in the Paper, can be described roughly as the contrast between the steady 
build-up of information by the study of the performance of components on the one 
hand, and the testing of the integrated conception of a genius on the other, 

Tt was in 1926 that A, A. Griffith, whose extraordinary versatility has contributed 
‘so much to a wide variety of engineering sciences, produced, at the Royal Aircraft 
Establishment, an aerodynamic theory of turbine design based upon the flow past 
aerofoils as distinct from flow through passages. The consideration of this theory by 
the experts of the Air Ministry and the Aeronautical Research Committee led to his 
being authorized to do two interesting sets of experiments. One of these produced 
the first Royal Aircraft Establishment tests, reported on in 1928, on cascades of 
aerofoils representing compressor and turbine blading. The method of testing 
groups or cascades of stationary blades in specially designed small wind tunnels has 
since been developed and is widely used by gas turbine designers. 

The second set of experiments was done with a tiny turbo-compressor (Fig. 13) 
which consisted essentially of a single-stage turbine and a single-stage compressor 
mounted on the same shaft and driven by an exhauster drawing air through the 


Fa. 13.—Mopi@L TURBO-COMPRESSOR TESTED AT THB Roya AIRCRAYT 
EsTaBLisHMEnt, 1929 


130 COX ON-THE DEVELOPMENT OF THE GAS TURBINE 


casing. ‘The overall efficiency of nearly 91% was remarkable, particularly as the 
blade heights were only about $ in. and the overall diameter of the rotor barely 4 in. 

In November 1929, Griffith put forward the merits of the gas turbine driving an _ 
airscrew as an aircraft power plant. He concluded that it would be lighter, more © 
compact, and more efficient than the piston engines then projected. The particular — 
scheme he suggested was based on contra-rotating wheels, which was a very advanced — 
conception, and he proposed the construction of a rig to test it. The panel of — 
experts which considered these ideas did not advocate the construction of an engine, — 
but they recommended in April 1930 that the test rig be built for analysing flow, 3 
pressure, and temperature distribution. They considered also that combustion 
experiments should be done. a 

I have never understood why these recommendations were not put into effect. 
For some reason a sterile, almost blank, period ensued. For 6 years no work on axial 
compressors was done at the Royal Aircraft Establishment, and the only work in any 
way associated with gas turbines was the continuation of experiments done in the — 
late 1920s on exhaust turbo-superchargers for piston engines. 

In 1936, however, a second period of activity began. The Establishment began to 
build an axial-flow compressor, and, in association with the C. A. Parsons, Metro- | 
politan-Vickers, Armstrong Siddeley, and General Electric Companies, a number of — 
practical compressor experiments and design studies were made. One of the design 
studies arose out of the Metropolitan-Vickers collaboration and related to a low- 
pressure axial compressor driven by a low-pressure turbine in series with a high- 
pressure compressor and a high-pressure turbine, with a separate power turbine 
driving the airscrew. The high-pressure part (Fig. 14) of this was built. The com- 
pressor of it ran in December 1939, the turbine in May 1940, and the complete high- 
pressure unit in October of that year. The performance of this quite large axial 
compressor (184-in. max. dia. over the blading) was excellent (its overall efficiency 
was approximately 87%). 

The collaboration with C. A. Parsons resulted in the testing of several compressors, 
and the build-up of very valuable design information. 

A small version of the contra-rotating turbo-compressor proposed by Griffith in 
1929 was at last built by Armstrong Siddeley in 1939 to the aerodynamic design of the 
Establishment, where it was tested in 1940. This machine (Fig. 15) is still of very 
great interest. It consists of a number of co-axial wheels, adjacent wheels rotating 
in opposite directions. Each one carries an annulus of compressor blading, and an 
annulus of turbine blading. The air inhaled at one end is compressed in passing 
through the successive annuli of compressor blading, and is burned with fuel in a 
combustion chamber at the otherend. From the combustion chamber the gas passes 
through the successive annuli of turbine blading and issues therefrom to provide a jet 
or to drive a power turbine. ; 

The idea is extremely attractive in its compactness, its elimination of static blading, 
and opportunity for stress reduction. The 11-in.-dia. experimental machine tested 
in 1940 had an indifferent performance, but one cannot help regretting that it was not 
tried when it was first proposed. When it finally did run, however, tremendous 
happenings had occurred in the aircraft gas-turbine field, with more immediate 
prospects of early practical achievement, and regrettably, except for one interesting 
return to this kind of design in another experiment by Messrs Rolls-Royce, the design 
was not developed. 4 

(Of these tremendous happenings I shall say more shortly. They were connected 
with Whittle’s success with his jet-propulsion engine. They had the effect of making 
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those concerned at the Royal Aircraft Establishment with the development of the 
axial compressor gas turbine turn their ideas away from the driving of an airscrew EB | 
to the provision of a jet. Consequently, the major gas-turbine project with which the }} 
R.A.E. was concerned in collaboration with Metropolitan-Vickers at the beginning ' 
of the 1939-45 war, a straightforward machine with a single compressor, an annular 
combustion chamber, compressor turbine, and power turbine, designed to give 
2,000 s.h.p., began to slow down to its final abandonment, and was replaced by con- — 
centrated work on an axial-compressor jet-propulsion engine, which finally ran in — 
December 1941. This, which became the Metropolitan-Vickers F.2 design, had a § 
nine-stage axial flow compressor, an annular combustion chamber, and a two-stage | 
turbine (Fig. 16). It developed finally into the Metropolitan-Vickers “Beryl.” ; 

Whilst Griffith and Constant—the latter whom I now mention for the first time, §f 
but who, beginning as Griffith’s assistant and continuing today as the Director of the 
National Gas Turbine Establishment, has made one of the most important individual — 
contributions to gas-turbine progress—were proceeding with limited resources and | 
encouragement on their axial compressor development, another struggle against — 
orthodoxy was in progress. 

Frank Whittle, basing his proposals on thoughts developed from a 1928 thesis and ' 


his historic patent of January 1930 (Fig. 17), submitted to the Air Ministry in that 


%] 


Fig 17.—ScHEMATIC DIAGRAM TAKEN FROM W2HITTLE’S British Parent OF 
JANUARY 1930 


year a plan to develop a jet-propulsion engine. Not only did Whittle’s schemes _ 
differ from Griffith’s in proposing jet reaction and not an airscrew as the means of 
propulsion, but in proposing a centrifugal and not an axial compressor, There was 
no practical outcome, however, nor was Whittle’s approach to engineering firms more 
encouraging. ‘The period of disappointment and frustration was the same period as 
that I have referred to earlier, when no work on axial compressors was done. 
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However, two friends of Whittle’s succeeded in obtaining sufficient financial 
cking to form Power Jets Ltd in March 1936. This small company placed an 
der in June of that year with the British Thomson-Houston Company for most of 
he parts of a jet-propulsion gas turbine with a double-sided single-stage centrifugal 
mpressor of pressure ratio 4:1, and a single-stage turbine. For the combustion 
sy m Whittle enlisted the aid of Laidlaw, Drew & Company. 

_ The courageous policy of going straight to the building of a complete engine 
u hieved the success it deserved. Tests on the engine began on the 12th April, 1937, 
and continued with intervals until the 23rd August. The success achieved impelled 
ithe Air Ministry to place contracts with Power Jets Ltd for a report on these tests 
and for further experiments. The engine was reconstructed, and in its new form ran 
on the 16th April, 1938. This series of tests was brought to a conclusion on the 6th 
(May by a turbine blade failure. Further combustion testing and reconstruction, this 
time under Government contract, were put in hand, and the third version of the 
engine started tests in October 1938. This remarkable machine was used for experi- 
ments until February 1941, when it was wrecked by a turbine failure. 

Long before this, however, in the summer of 1939, the Air Ministry had concluded 
that Whittle had in essence a practical aircraft engine. They therefore commissioned 
iPower Jets Ltd to supply an engine for flight tests, and the Gloster Aircraft Company 
ito design and construct the experimental aeroplane around it. This aeroplane 
(Fig. 18) was, and is, known as E.28/39, the number of its specification—the twenty- 
eighth (Experimental) Aircraft Specification of 1939. As a vehicle it has claims to 
fame equal to those of Stephenson’s “Rocket” and Parsons’ “Turbinia,” and it is 
jperhaps a pity that its sponsors did not choose a more attractive name for it. 

The flight engine (Fig. 19) was designed by Whittle, with the help of the engineers 
iof the British Thomson-Houston Company, who made it. It flew for 17 min on the 
15th May, 1941, and continued to fly without mishap for a total time of 10 hours 
28 min. The engine was then dismantled and found to be in excellent condition, 
having run in the air and on the ground a total of 39 hours 57 min. This historic 
engine had a thrust of 850 Ib. at 1,650 r.p.m., its maximum speed. 

Its installed weight was 623 Ib. The all-up weight of the aeroplane at take-off 
with 81 gal of paraffin fuel was 3,691 lb. The designer of the aircraft was W. G. 
Warter. The pilot was the late W. E. G. Sayer. 


Elsewhere 

By the time the E.28/39 flew, the Swiss had made as much technical progress in 
the less spectacular direction of the industrial development of the gas turbine. 

The earliest gas turbines of all were conceived as steps towards power-station 
machines generating electrical power, and the first practical gas turbines were of this 
kind. Probably the first major operational success of the stationary gas turbine, 
however, apart from.its use as a diesel-engine supercharger, was as the pressurizing 
slement in the Velox boiler.? The first Velox boiler, produced in 1930, employed a 
[Holzwarth gas turbine, but in all subsequent examples of this compact and ingenious 
steam raiser, which runs on gaseous or liquid fuel, combustion takes Place under 
pressure provided by an axial compressor driven by a multi-stage turbine operated 
by the products of combustion. ; 

Experience gained by the Brown Boveri Company with Velox boilers, superchargers, 
and industrial turbo-compressors (see p. 147) led to the successful development of 


their prime movers. 
The contribution of this great Company in the stationary-gas-turbine field, led 


4 


134 : COX ON THE DEVELOPMENT OF THE GAS TURBINE 


technically in the pioneering days by Dr Adolf Meyer, dwarfs all others. There have } 
been so many notable Brown Boveri gas turbines that it is possible to mention only a 
few. Probably the first gas turbine in the current tradition (a term which I us 

chiefly to exclude the Holzwarth machines) to go into power station service was the 
4,000 kW stand-by set which the company installed at Neuch&tel in 1938. They 
supplied another set of 2,000 h.p., for experimental studies, to the Royal Aircraft | 
Establishment just as the 1939-45 war was beginning. I well remember the instal. 
lation of this machine and the experimental running achieved with it at Farnborough. 

By this time too the Company were well on the way to producing the first gas- 
turbine railway locomotive, which began its trials in 1942. ; 

All the Brown Boveri gas turbines were, and have since been, of the open-cycle 
kind. At the time of which I am speaking, however, the Escher Wyss company was 
beginning its notable development of the closed-cycle gas turbine (Fig. 4) in which | 
the heating of the working fluid, usually air, which circulates and is not discharged 
to atmosphere, is done by ‘“‘external’’ means as in the steam engine, in a boiler. 
External heating is of course possible also in the open cycle (Fig. 3). It has not yet | 
been exploited in the gas turbine to the same extent as internal combustion, but its 
significance in the application of nuclear energy to the gas turbine is obvious. “i 

The Sulzer company in Switzerland has concentrated on a cycle of operation which 
ingeniously combines both open and closed cycles. The Oerliken company has con- 
centrated on the development of highly efficient centrifugal compressor gas turbines 
and on the study of combined steam and gas turbine installations. The operational 
outcome of the early work of the Escher Wyss, Sulzer, and Oerliken companies has, 
however, been in the post-war years, 

To do justice to all the pioneers of the modern gas turbine is very difficult. The 
name of Professor Rateau will never be forgotten for its association with the develop- 
ment of centrifugal compressors. As I have remarked, he supplied one for the § 
pioneer machine of Armengaud and Lemale. Subsequently, the Société Rateau did a 
great deal to advance the art of supercharging, of boilers as well as aircraft engines, by 
gas turbo-compressors, and their work in this field led in 1939 to plans for a10,000h.p. 
gas-turbine set for a torpedo boat. These plans were thwarted by the German 
occupation and though the set was made it was never fully tested. .Oné other 
pioneer has been nearly lost to history. In the same year that Whittle began testing 
his first engine, George Jendrassik® began tests on a 100 h.p. gas turbine at the Ganz 
works in Budapest. It had a ten-stage axial compressor driven by a seven-stage | 
turbine with a maximum speed of 16,500 r.p.m. A heat exchanger was employed 
and the pressure ratio was 2-2. In officially observed tests an overall thermal 
efficiency of 21-2% was obtained with a maximum temperature of 475°C at 98-5 h.p. 
Many hundreds of hours running were accomplished on this machine, some tests being 
run at 540°C, 

Jendrassik designed two more gas turbines, both of which began tests in 1941. 
One was a 1,000 b.h.p. turbo-propeller aircraft engine, which, through combustion 
trouble, did not exceed 400 b.h.p. The project was abandoned before Jendrassilk 
could try a better combustion system. 

The other gas turbine, of 300 b.h.p., was intended for rail-car propulsion and other 
industrial duties. This machine employed a compact plate-type heat exchanger and 
a free-power turbine. The war prevented the development of this interesting engine 
also, 

Like so many pioneers, Jendrassik was unfortunate. Had he lived farther west— 
or indeed, farther east—the outcome of his remarkable work might have been very. 
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4: 


erent. As it is, his influence on the main streams of gas-turbine development was 
small, but the quality of his work shows that, in different circumstances, he would 
have given an immense stimulus to progress. Today, his designs and patents still 
deserve study. 

_ From 1948 to his premature death in 1954 at the age of 55, Jendrassik worked in — 
the United Kingdom. Even so, his early work did not get the notice it deserved and, 
regrettably, our appreciation has largely been too late. 
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Fic, 20.—ComRINED OIL ENGINE AND GAS TURBINE OF BARRON, DALE, AND PACKHAM 


There is one other development which should be mentioned at this stage, that of 
machines in which expansion is through a turbine but in which compression and 
combustion are achieved in cylinders with reciprocating pistons. I hesitate to 
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allot priority in this field, but am unaware that C. B. M. Dale and his colleagu a | 
Barron and Packham, who began work in 1922, were anticipated. Their engine 


achieved in the spring of 1924. Dale in a lecture’ in 1944 refers to this work wit 
great modesty and states that the venture perished through lack of funds. How 
many other examples of British ingenuity, inventiveness, and initiative have perished 


similarly? It is interesting to speculate how far Whittle would have got without the 
threat of war. 


Gotaverken company have developed it using a diesel engine as the so-called gas 
generator. Pescara applied the horizontally opposed free-piston engine, effectively a 
diesel engine without a crankshaft, as the gas generator. In this form the free-piston — 
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Fic. 21.—D1aGRAMMATIC SKETCH OF A FREE-PISTON GAS GENERATOR AND GAS 
TURBINE 2 


gas turbine (Fig. 21) developed by Huber and his colleagues in France and later by 
Alan Muntz & Co. in England, is proving a very significant development.® 


THE GAS TURBINE IN AIRCRAFT 


One day perhaps a history of the development of the gas turbine will be written. 
This is not it. This is the briefest of sketches. The history when it comes will be 
comparable in size with Gibbon’s “Decline and Fall of the Roman Empire.” I will 
dare to claim its theme no less noble. We must hope that its style will be equally | 
distinguished. A tremendous proportion of it will inevitably be devoted to the air- 
craft application of the gas turbine because, undoubtedly, it is in the air that the gas 
turbine has achieved its most striking revolution. The reason is not far to seek. 
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ee aran sake of the gas turbine has of its very nature produced a change 
reraf ° such magnitude that a swing away from the piston engine 
as inevitable. Today it is roughly true to describe the air forces of the world as jet 
propelled, and civil aviation, again with the United Kingdom in the technical lead, is 
apidly moving in the same direction. : 
oe already spoken of the beginnings of the aircraft gas turbine in the United 
> gdom, and I have spoken of the first flight of a jet-propelled aircraft here. I 
| ane could have said that it was the first of such flights in the history of the world, 
| a a not. The Germans had probably begun aircraft gas-turbine work at 
] 1 the same time as Whittle began in earnest (1936); that they knew of his ideas is 
| certain, since the patents were not secret. It is not improbable that these patents 
| stimulated the German engineer von Ohain, who designed an engine in which the 
_ compressor was a combined centrifugal and axial, in the late 1930s. A Heinkel 
| aircraft employing this engine flew in May 1939. I feel we are justified in believing 
. that if Whittle and the Royal Aircraft Establishment had not been frustrated by the 
tragic lack of interest in their gas-turbine work which I have mentioned, the Gloster- 
Whittle aeroplane would have flown before the Heinkel. The only consolation we 
have is that the Gloster-Whittle aeroplane was an immense success. The Heinkel 
was not. Nevertheless, although the first German gas turbine was not very success- 
ful, German jet-propelled aeroplanes were on operational service before British ones 
were. It must in fairness be said, however, that the German engines were put into 
production prematurely, and that their “‘life’’ in service would have been unaccept- 
able in Britain. 

In the United Kingdom the development continued from the centrifugal-com- 
pressor Whittle engine and the Metropolitan-Vickers axial engine. The brilliant 
early development which led to the first flight was followed by a period of considerable 
disappointment. In their early days the Whittle engines did not develop enough 
thrust for the second of our jet-propelled aircraft, the Gloster F9/40, to take off on the 
runways available to us here. The American Bell XP-59A aircraft, powered with 
similar engines made by the General Electric Company of Schenectady, operating 
from the almost infinite airfield of Muroc, was in fact the second jet-propelled machine 
on the Allied side to fly (October 1, 1942). The G.E.C. had built their engines from 
information and drawings which we handed to them, a collaboration which in fact 
anticipated the American entry into the war. 

In England the Whittle W2B engine was developed not only by Power Jets but 
by the Rover Company and, ultimately, by Rolls-Royce, in whose hands it became 
known as the Welland, the operational engine of the Meteor aircraft which developed 
from the experimental F9/40, It was the first of the operational-Rolls-Royce gas- 
turbine engines, all of which have been distinguished by the names of British 
rivers. I have elsewhere® given in some detail the technically glorious but rather ~ 
complicated history of aircraft gas-turbine development during the war years. The 
Meteor with the Welland engines was the only Allied machine to become opera- 
tional before the war ended, but most distinguished work was done by the Metro- 
politan-Vickers Company with their development of the Beryl engine, by the de 
Havilland Company with their development of Major Halford’s H.1 (later the Goblin) 
engine, and by Armstrong Siddeley with their ASX. As the war ended the Bristol 
Company’s Theseus was coming to fruition. 

On the German side we had to contend with the Heinkel powered with Junkers 
004 engines, and the Messerschmitt powered with BMW 003 engines. These were 
both plain axial-compressor engines, the type which in military aviation has prevailed. 
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It is a little ironical that the brilliant work of Whittle which gave the whole impetus 
to our wartime development, and seemingly that of the enemy as well, was con- 
centrated on engines with centrifugal compressors (Fig. 22), which will probably é 
never appear again in high-performance military aircraft. In the civil field they still a 
possibly have advantages, and certainly the most successful civil gas-turbine engine — 
operating at the present time is the Rolls-Royce Dart (Fig. 23) in which compression es 
is achieved by two centrifugal compressors in series. This, I should emphasize, is f 
not a jet-propulsion or turbo-jet engine. It is a gas turbine delivering shaft power to 
an airscrew—a “turbo-prop” engine—as conceived by Griffith before Whittle’s jet 
propulsion proposals. ‘Turbo-prop engines are particularly suited to the economics 
of civil aircraft required to fly in the speed range 300-450 m.p.h. 


Fia. 22.—CENTRIFUGAL IMPELLER AND TURBINE WHEEL OF THE WHITTLE W2B ENGINE 


In the great history which I have mentioned, and which I look forward to reading 
very critically in my declining years, there will appear a galaxy of achievements 
which I can refer to here only by lists of names. In America the work which began 
in the General Electric Company under the guidance of Standerwick and Warner was 
followed by engines at Allis-Chalmers, Westinghouse, Allison, Pratt & Whitney, and 
Wright. In Germany there were Junkers and BMW; in France the Cie Electro- 
Mécanique, SNECMA and Turbomeca; in Sweden Flygmotor and STAL; in Canada 
A. V. Roe & Co., successors to the wartime Turbo-Research Ltd. There has been an 
immense proliferation and variety of engines since the war ended, and any attempt to - 
give a complete picture this evening would fail. What is immensely gratifying to 
record is that the aircraft engine industry of the United Kingdom, profiting from the 
technical lead which Whittle gave it, and, while competing, co-operating through | 
the Gas Turbine Collaboration Committee (see Appendix III), has kept ahead of | 
the rest of the world in the development of the aircraft gas turbine. British firms — 


q be : 
H.P.. COMPRESSOR si POWER TURBINE 


TWO-STAGE CENTRIFUGAL)” — 
ie % 


pe 


LP, COMPRESSOR (AXIAL) 


[REDUCTION GEARCASES COMBUSTION CHAMBERS 


Fra. 32.—Roris-Royce R.M.60 ENGINE FoR H.M.S, Grey Goose 


AUTOMOBILE GAS TURBINE 
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have sold licences for their aircraft gas turbines to the United States, to Sweden, 
Denmark, to Switzerland, and to France. There are other good aircraft gas tur- 
bines besides the British ones, but there are none better. And as I am lecturing in jj, 
England, in honour of an Englishman, it is not inappropriate to illustrate the 
present state of the art by reference to British engines. 

Of the straightforward jet-propulsion engines those which are chosen to engine the 
three great aeroplanes of our new bomber fleet, the Vickers Valiant, the Avro Vulcan, 
and the Handley Page Victor, are the Rolls-Royce Avon, the Bristol Olympus, and 
the Armstrong Siddeley Sapphire. The Sapphire (Fig. 24) is in fact a descendant of | 
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¥ia. 27.—JnT-PROPULSION ENGINE WITH TWO AXIAL COMPRESSORS 
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Fig. 28.—By-PASS JET-PROPULSION ENGINE 


the Metropolitan-Vickers Beryl, and its early development was in the hands of that 
company. It has been brought to its present high pitch of excellence by Armstrong 
Siddeley. This engine and the Rolls-Royce Avon (Fig. 25) are both single-shaft 
engines (Fig. 5), but the Olympus (Fig. 26) is a two-shaft engine. In other words it 
has two rotors, which run at different speeds (Fig. 27). 

Britain’s most successful civil aeroplane at the present time is undoubtedly the 
Vickers Viscount. It employs the engine to which I have already referred, the Rolls- 
Royce Dart. This 1,500 h.p. engine has an overhaul life of 1,000 hours, a record 
not bettered by any other aircraft engine of any kind. It is at the basis of the 
Viscount success. I wish I had the time to discuss the many excellencies of the 
huge 15,000 Ib.-thrust de Havilland Gyron, or the Napier Eland, on either of which I 
could interest you for an hour, but I will instead refer to the Rolls-Royce Conway — 
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ecause it is different from any other engine at present in development. It is a 
y-pass engine of 13,000 lb. thrust. A by-pass engine is so arranged (Fig. 28) that 
me of the air inhaled at the front is not burned but is ejected at the rear with the 
products of combustion. The effect of this is that for a given expenditure of fuel a 
greater change of momentum is produced and the mean jet velocity is reduced. 
This means not only improved economy but a diminution in noise level, so that 
engines of this type appear to be specially appropriate in civil aviation. We shall have 
to wait a while for the first airliner to employ them however. Meanwhile, we hope 
that the great achievements of the Viscount will be emulated by the Bristol Britannia 
‘With its Bristol Proteus engines, by the new de Havilland Comet with its Rolls-Royce 
Avon engines, and the recently announced Vickers Vanguard. The Vanguard will 
have four Rolls-Royce Tyne turbo-prop engines, each of about 4,500 equivalent 
horse-power. This is another two-shaft gas turbine, with the highest pressure ratio 
yet announced in the United Kingdom for an aircraft engine, 12:1. 


THE GAS TURBINE IN POWER STATIONS 


_ The early work of the Brown Boveri Company to which I have referred quickly led 
to serious commercial developments. The Company has supplied gas turbines of 
various sizes, for electric power generation, several in the 10,000-13,000 kW range, to 
many countries, but probably their most notable installation is that in their own 

country at Beznau (Fig. 29). Here is a complete gas-turbine power station of 
40,000 kW, and more than 30% thermal efficiency. There are two engines, one of 
13,000 kW and one of 27,000 kW. The former, commissioned in January 1948, has 
a pressure ratio of 8-8:1. The latter, commissioned a year later, has a pressure ratio 
of 8-1:1. Whilst they are not base load plants, they frequently run with a high 
load factor in the course of their duty of supplementing the Swiss hydro-electric 
system. In the 5 months (about 3,600 hours) ending on the 31st March, 1954, they 
ran respectively 1,950 hours and 2,250 hours.1? 

The Escher Wyss Company supplied a 12,500-kW closed-cycle set to the St. Denis 
station of Electricité de France near Paris, and a set of similar power and character 
has been supplied by John Brown & Co., Ltd, of Clydebank to the Dundee power 
station. 

The largest gas-turbine power station plants in the United Kingdom at present are 
the 15,000-kW Metropolitan-Vickers open-cycle set (Fig. 30) at the Stretford power 
station near Manchester and the 15,000-kW C. A. Parsons open-cycle set at the 
Dunston power station near Newcastle. The first of these first ran on load in August 
1952 and the second a few weeks ago. 

In all these sets, good thermal efficiency is obtained by the use of heat exchangers 
(Fig. 2) in combination with good component efficiencies. A thermal efficiency of 
24-56% has, however, been achieved without a heat exchanger in the 9,000-kW set 
produced in 1955 by the Swedish STAL company by employing a pressure ratio of 
10:1, unusuel in an industrial set. 

Small gas-turbine sets are numerous. In the United Kingdom a 2,500-kW set 
has recently been installed by Metropolitan-Vickers at Ashford for the Metropolitan 
Water Board for pumping duties, and others of similar size are under construction by 
other companies. Ruston & Hornsby have made several 1,000 h.p. sets which, with 
appropriately different combustion chambers, have run on distillate oil, residual oil, 
natural gas, and peat. th 

A very interesting development in France has been the application to power- 
station duty of the free-piston gas turbine. A 1,250 kW unit with two free-piston 
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gas generators and a single Rateau turbine has been installed at Rheims. It has run 
for more than 5,500 hours. Quite large powers are achieved by using several 
cylinders and there has recently been completed at Cherbourg for Electricité de 4 
France a 6,000-kW set employing eight gas generators.® ; 

Electricité de France have supported also the deeply interesting experiments of 
Ernest Mercier * who has developed a special form of free-piston gas turbine which } 
works in combination with a high-pressure steam generating system. 

As a power-station unit, the ordinary gas turbine has a number of advantages, 
actual and potential. It can quickly be brought on to load, which makes it of parti-— 
cular value as a stand-by or peak-load set. As an open cycle machine, it demands | 
no cooling water, so there is little restriction in siting it; it can be used in deserts and 2 
mountains where water is difficult to come by. Having no boiler, it should be more 
compact than a steam turbine. This advantage is to some extent offset by the need — 
in many cases for a heat exchanger, but still, on the cost of housing, the gas turbine — 
should win. The gas turbine’s lower weight and size suggest a lower capital cost per — 
kW, but its demand for high-quality materials and the relatively early stage of its — 
commercial development have so far prevented any marked advantage of this kind — 
yet being demonstrated. 4 

The other great advantage, which must admittedly still be regarded as partially 
potential, is the ability of the gas turbine to run on almost any fuel. The majority at — 
present run on oil, generally a residual oil. In the United States, however, gas tur- 
bines are used for pumping the great supplies of natural gas from Texas to the north; 
these run on the natural gas itself. 

The need to use the indigenous fuel resources of the United Kingdom economically | 
has led in recent years to an elaborate exploration under the general auspices of the | 
government of the possibilities of running gas turbines on solid fuel and its deriva- — 
tives.14 12 A 500 h.p. closed-cycle gas turbine has run for 1,000 hours on peat, for — 
500 hours on coal, and for 500 hours on a coal slurry. These achievements were by _ 
John Brown & Co. of Clydebank. An open-cycle English Electric set of 2,000-kW 
capacity has run on coal with a special form of combustion chamber from which most 
of the ash in the coal is withdrawn as liquid slag, in contrast to the more usual 
methods of momentum separation of dry ash. The combination of an open gas- — 
turbine cycle with a very high pressure gas producer cycle is also being developed; 
this scheme permits a different and perhaps still more convenient method of gas 
cleaning. 

More unexpected in character than any of these, however, is the English Electric 
gas turbine being installed at Stafford Colliery by the National Coal Board which can 
use the methane content (about 0:5%) of the ventilating air from the mine, and 
the Ruston & Hornsby gas turbine which runs on Scottish peat. The temptation to 
digress on to the story of the dewatering of peat to make it a suitable fuel for an 
internal-combustion engine is a great one which I am resisting, saying only that the 
success of an open-cycle gas turbine using this fuel depends on an economic system 
for removing about two-thirds of the water of this very damp substance, and such a 
system has been developed. I hope a lecture on it will shortly be read in London by 
the engineer chiefly responsible. 

With all these advantages of compactness, independence of water, and omnivorous- 
ness it is perhaps a little surprising that, other than in combination with the steam 
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* Mercier, a man of great gifts, died in July 1955. It is to be hoped that his 
colleagues will continue his work. 
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irbine,2* the gas turbine has not developed more as a base-load plant. As a plant 
be used for stand-by purposes and in unusual topographical conditions it has made 
ts mark, but as a base-load plant it has still to do so. There is little doubt that 
Beznau could run as a base-load plant so long as some blade cleaning could be done at 
low-load periods. But even that station is small by modern power-station standards 
and no gas turbine competitive in power output with the current 100 mW and the 
coming 200 mW steam-turbine plants has been projected. Gas turbines of such size 
are certainly possible, but considerable development would be needed and a con- 
siderable investment would be involved. 

The existing gas-turbine power station sets will all provide very valuable opera- 
tional and technical information, but even the greatest gas turbineers amongst us 
would hesitate to regard them as precursors of huge sets of the same character in the 
United Kingdom. There have long been reasons for this, but there is now the addi- 
tional reason that the mighty atom is in our midst and has begun to affect power 
station design. At present it produces low temperatures which can be used in low- 


performance steam turbines, but we shall quite undoubtedly find means of safely 


_ ereating and safely delivering from the pile to the rotating machinery much higher 


temperatures, and when this has been done the rotating machinery will be a gas 


turbine. In fact one foresees in the atomic power station the apotheosis of the gas 


turbine. 


THE GAS TURBINE IN SHIPS 


The early work on the aircraft gas turbine was watched closely by the Admiralty 
and the development of the Metropolitan-Vickers F.2 engine had not gone very far 


_ pefore they decided that it would be a very interesting plant to adapt to the duties of 


the motor gunboat.1? This type of craft needs to be able to cruise for long periods at 
relatively low speeds and to achieve very high speeds for short periods. This 
specification was met in MGB 2009 by retaining two of the standard high-economy 
petrol engines used in MGBs for ordinary cruising and installing the high-performance 
F2 gas-turbine engine, with a special power turbine and gear box, for high-speed 
running. In this form, known as the GATRIC, the engine developed 2,500 s.h.p. 
This vessel (Fig. 31) went to sea in August 1947, so, almost 50 years after Parsons 
had made history with T'urbinia, MGB 2009 made history too; it was the first vessel 
to be propelled at sea by a gas turbine. 

Trials continued for a period of 4 years and brought to light few troubles. Clearly 
the characteristics of the high-performance gas turbine were suitable for high-speed 
naval craft. Consequently the Admiralty ordered further plants from Metropolitan- 
Vickers based upon the “Beryl” aircraft engine, into which the experimental F.2 
had developed. These plants, known as “G2,” were installed in two fast patrol 
boats, Bold Pioneer and Bold Pathfinder, trials on which began in 1952. Each boat 
had two gas turbines, each of 4,500 h.p. Still more powerful plants of the same kind 
are in hand. 

These gas turbines, however, are by way of being boost plants to give very high 
performance when required. They are not main propulsion machinery. The first 
gas-turbine plant capable of economical low-power cruising and high-speed running 
as well when required was the Rolls-Royce RM60 (Fig. 32) designed for H.M.S. 
Grey Goose. 

This, to cover the performance range required, 1s necessarily a relatively compli- 
cated plant of 18-5:1 pressure ratio incorporating a heat exchanger and intercooling. 
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Two of these engines, each of 5,400 s.h.p., have been installed in the gunboat Grey 
Goose and are undergoing sea trials. Sir Charles Parsons would have been interested 
to know that the gas turbine installation gives 50% more power for half the weigh 

and occupies 25% less space than the steam machinery it replaces. : 
The pioneer work of the Royal Navy in this field has not of course passed un- — 
noticed abroad and other navies have begun to take a practical interest. 
Generally speaking, naval propulsion machinery has to run for long periods at 
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esign of naval and mercantile gas turbines is likely to be very different. 
In the mercantile field, as in the naval, the pioneer work has been British.14 The 
ry great progress made has been mainly due to the ability, drive, and enthusiasm of — 
Mr John Lamb and his colleagues in the Shell Marine Research and Development 
partment, to the directors of the Shell group whose 12,000-ton tanker Auris has 
heen the vehicle of experiment, and to Mr Forsling and the other engineers of the 
British Thomson-Houston Company who have been responsible for the gas-turbine 
installations in it.1° 
' _In 1951 the Auris became the first merchant ship in the world to be powered by a 
yas turbine (Fig. 33). The 1,200 h.p. gas turbine was not the only propulsion 
machinery aboard however. There were three diesel engines each of similar power. 
(Nevertheless, the stage was set for extensive sea trials and the gas turbine has done’ 
15,000 hours running. At least once, the South Atlantic was crossed under gas- 
‘turbine power alone. 
_ This running has brought to light few problems, and it has provided opportunity for 
‘trials with residual oil fuel of high viscosity. To use such fuel without producing 
,deleterious deposits in the turbine bladiug is a perennial problem to gas-turbine 
)designers, but in the case of the Auris machinery some success in preventing deposi- 
‘tion has followed the use of a finely divided powder, aluminium silicate, in the fuel. 
Altogether, the experimental running has induced a feeling of such confidence that 
the existing gas-turbine and diesel engines are to be removed and replaced by a single 
,gas-turbine plant of 5,500 h.p. The gas turbine will be made by the British Thomson- 
‘Houston Co. Ltd and the reduction gearing by Cammell Laird & Co. 
The new machinery will provide the power not only for propulsion, but for auxiliary 
and pumping services both at sea and in port. Commercial grades of boiler fuel will 
be used. 
The French have applied the free-piston gas-turbine system successfully to marine 
craft, concentrating particularly on minesweepers and coasters.!® The first of the 
coasters, Cantenac, of 850 tons, has been in service since 1953. 


THE GAS TURBINE IN LAND VEHICLES 

The first public appearance of a gas-turbine-driven road vehicle was in March 
1950, when the Rover Company began a series of test runs with their car JET 1 at 
Silverstone. This car employed a Rover open-cycle gas turbine of about 110 b.h.p. 
Despite its number-plate it was not, of course, jet propelled. As much energy as 
possible was taken from the gas by the power turbine, which drove the back wheels 
of the car through a gear box giving about 16:1 reduction, ‘The air was taken in at 
the sides of the car and exhausted just behind the seats (Fig. 34). 

In the same year the Boeing 175 h.p. gas turbine was applied in the U.S.A. to a 
Kenworth truck of about 68,000-Ib. loaded weight. 

These first experiments emphasized what had been known of course all along by the 
designers, that for road work the chief problem was the achievement of fuel economy. 
This means in practice the development of suitable heat exchangers or high-compres- 
sion engines. Despite the work of the Rover Company and the Austin Motor 
Company—whose gas-turbine car was first demonstrated in 1953—in England, the 
Boeing and Chrysler companies in the U.S.A., Lafily and Gregoire in France, and Fiat 
in Italy it cannot be denied that there is still some way to go before an attractive gas- 
turbine car appears. For the gas turbine to compete in the field of the private car, 
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cheapness in first cost and upkeep, dependability, and economy are essential. Cheap- 
ness in upkeep is a gas-turbine characteristic and it is a reliable machine; cheapness 
in first cost is largely a matter of large production numbers; so economy in running is 
left as the major problem. 3 

It may be that the gas-turbine car will never show the same figures for fuel con- — 
sumption as the petrol engine, but it will be able to use cheaper fuel—possibly vol 
residual fuel. In places where such fuel is cheap this may be a great advantage, 
particularly for commercial vehicles. In the commercial-vehicle field also, an 
possibilities of the free-piston gas generator combined with a gas turbine are interest- 
ing. : : 

Tn the field of road traction, the future of the gas turbine is less clearly seen than 
in other fields, first because it is not yet clear what degree of advantage the gas 
turbine can offer and second because the competition from the petrol and diesel 
engines, which have reached so high a pitch of excellence, is so keen. That it will — 
have a future, however, even though it may be specialized in character, is not in — 
much doubt. % $ 

On the railways, too, the true value of the gas turbine cannot be quickly assessed. } 
Competition with steam is not a factor. Steam is on the way out even in the United — 
Kingdom, locomotionally the most conservative of all. The gas turbine is up against } 
two well-developed and efficient rivals—electrification on high-density lines and diesel | 
engines on the rest. The advantages of electrification for suburban and high- 
density main-line traffic seem to me so overwhelming that I feel the true problem is to 
decide upon the right kind of engine for secondary routes and low-density long-— 
distance traffic. ; 

Technically, the gas turbine can do the job. This was demonstrated by the Swiss 
during the 1939-45 war; they began to run the 2,200 h.p. Brown Boveri locomotive 
(Fig. 35) on their railways in 1942. A similar locomotive, and a Metropolitan-— 
Vickers one of 3,000 h.p. (Fig. 36), have been running for some years on British — 
Railways. But they are in competition with the conventional diesel engine, which 
uses about half as much fuel. On maintenance the gas turbine is superior and the 
decision which to use is greatly dependent on fuel cost. Where this is a less important 
factor than in England, as in the U.S.A., the gas-turbine locomotive has made an 
encouraging start. There are upwards of thirty of these built or building for the 
Union Pacific Railroad using General Electric—Alco turbines (Fig. 37). 

The Renault Company in France believe in the free-piston gas turbine.1® This has 
many of the advantages of the turbine with approximately the fuel economy of the 
conventional diesel engine. An interesting engine of this kind of 1,000 h.p. (Fig. 
38) has been running since 1953 on the S.N.C.F. and has covered about 100,000 km; 
two 2,000 h.p. locomotives of the same kind are being built. 

On the railway, the gas turbine offers high availability, since it is easy to maintain, 
has a capital cost comparable with the diesel, and gives good economy with a cheap 
fuel. There is, therefore, some case for a gas-turbine locomotive in the United King- 
dom torunon coal. Its economy on this fuel would be much superior to that of the 
ordinary coal-burning steam engine. A gas-turbine locomotive of this kind—the 
first of its kind—will probably be running in the United Kingdom in a few months ° 
time. Its chassis is being built by the North British Locomotive Company and its | 
prime mover, by C. A. Parsons, works on the open cycle but with external combus- 
tion 11 (Fig. 3). This unusual choice was made to ensure that the ash in the products 
of combustion does not go through the turbine. This, however, is not likely to be 
the final method of dealing with the coal-ash problem. 


! 
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_ A locomotive is not often called upon to give its full power. It spends the greater 
part of its running life at less than half-load. The efficiency of the gas turbine at 
‘such low part loads is much reduced. This militates against high performance in the 
cases of all the locomotives I have mentioned. A way out of the difficulty would be 
‘to have more than one gas turbine unit; probably three or four per locomotive would 
be ideal. The first step in this direction has been taken by the Boeing Company in 
America; they have built a 30-ton locomotive with two small engines of 150 h.p. each. 


THE GAS TURBINE AS AN AUXILIARY AND IN PROCESS WORK 


The earliest practical application of the gas turbine was in the field of super- 
charging of piston engines. The exhaust from such an engine drives a turbine which 
fin turn drives a blower which compresses the air delivered into the cylinders. Dr 
Alfred Buchi was first in the field, supercharging four-stroke diesel engines in this way 
‘in Switzerland in 1905. Rateau applied turbo-supercharging to aeroplane engines in 

1916 and his work was taken up in the U.S.A. by Moss. Development of the system 
‘continues today on diesel engines and in the last of the aircraft piston engines. 

Another famous auxiliary application of the gas turbine is Brown Boveri’s Velox 
boiler, which I have already mentioned. These boilers have been installed through- 
out the world, not only in power stations, but also in French warships. 

The earliest application of the gas turbine in chemical process work was the Brown 
Boveri turbo-compressor for the Houdry petroleum cracking process.* Super- 

charging from an external power source would have been economically unsound, but 
the process exhaust gases which would otherwise be wasted are expanded in a gas- 
turbine rotor which not only drives the supercharging compressor, but supplies 
electrical energy as well. The first application of the gas turbine in this way was 
in 1936 and it has been repeated nearly thirty times since. 

The gas turbine generally has the property of being able to run on low calorific 
value fuel, and it is in consequence attractive as a means of using the energy in blast 
furnace gas to supercharge or “blow” the blast furnace. In this field too Brown 
Boveri have been pioneers. Their installation at Baracaldo in Spain is understood 
to have operated satisfactorily since 1952.19 Another Brown Boveri plant running 
on blast furnace gas is the 7,250-h.p. set at the Arbed steelworks in Luxembourg.?® 
Despite its specialized duty, this might be more correctly classed as a power station 
however, since, besides supplying compressed air, it directly generates electricity. 

Since the 1939-45 war, gas turbines have been adapted to a wide variety of 
auxiliary duties. In small sizes they are having some success as drives for fire pumps 
and as auxiliary naval machinery. In this last class, a set as large as 1,000-kW has 
been supplied to the Admiralty, but it is probably most correctly regarded as a small 
sea-going power station. 


GAS TURBINE RESEARCH 


Probably it will be agreed that, although not comprehensive, my lecture so far has 
illustrated the wide variety of applications of the gas turbine. I have said little, 
however, about the research and development work behind the achievements I have 
mentioned, and nothing about the research and development work now being done 
on which future gas turbines will be based. It is not easy to do justice to this effort, 
spread as it is over many countries, some of it very fundamental in character, some of 
it of the nature of ad hoc development, and most of it somewhere in between. I 
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believe a picture—a cartoon, perhaps, in the old sense of that word, would be a more 
exact word to use—can best be drawn by first sketching in objectives. 
The basic objective of applied research in engineering is improvement in economy. J 
In the civil field this means economy in the financial sense; in the military field it _ 
means economy in a broader and more variable sense. This very general objective — : 
of economy leads in the case of the gas turbine to a great number of more detailed 
objectives, some of the more obvious of which are :— 


Improvement in performance—that is, getting more and more power per 
pound of material used. This includes: 
Improvement in efficiency—that is, getting more and more power per pound — 
of fuel used ; . 
Improvement in maintenance—that is, spending less and less time and money 
on keeping the machine in operating trim ; ; 
Improvement in omnivorousness—that is, adapting to the consumption of } 
cheaper and cheaper fuels ; and | 
Improvement in adaptability. 


The relative importance of these objectives of course varies from one application of 3 
the gas turbine to another. | 

In practice, it is often difficult to separate improvement in performance from 
improvement in efficiency, but the distinction between them is worth making. aq 
Whilst improvement in performance is frequently a consequence of improvement in — 
efficiency, improvement in performance is sometimes achieved without improvement — 
in efficiency. This is readily exemplified by the development of aircraft gas turbines, H 
among which are machines which have been modified to give more power at the 
expense of correspondingly more fuel, the thermal efficiency remaining about the | 
same. There are even cases in which occasional bursts of very high power are — 
achieved with very small increases in engine weight and reduced thermal efficiency. — 
Maintaining this distinction, which admittedly is generally not maintained, it can be — 
said that increase in performance is sometimes a matter of increasing the through-put — 
of fuel and air, with other changes, if any, consequential. 

Improvement in the breed of gas turbines is most easily understood, however, in 
terms of thermal efficiency. High thermal efficiency is obtained by high-pressure — 
ratio, high aerodynamic efficiency, high combustion efficiency, high gas temperature, 
and a high rate of heat exchange between the hot regions and the compressed air. 

It by no means follows that we must aim for the highest of each in every applica- 
tion of the gas turbine—for example, in the aircraft gas turbine, it is not practicable 
to employ a heat exchanger at all; there is no room for one. But gas turbines 
generally demand that research must be directed towards the increase of all these 
quantities and in some applications, notably in power stations, it may prove practic- 
able to aim for the highest in every department simultaneously, except that high — 
compression and high heat exchange are to a considerable extent thermodynamically 
interchangeable. 

A continuing objective of research and development is to increase the pressure 
ratio of a single multi-stage axial compressor, and another is to increase the contri- 
bution of each stage or row of blades. In pursuit of the first objective the pressure 
ratio of axial compressors for aircraft engines has doubled in the past 10 years; 
today pressure ratios of 10:1 are achieved. The contribution per stage was given a 
stimulus in 1948 by a research compressor of the National Gas Turbine Establish- 
ment which achieved a ratio of 4-8:1 in six stages. This set a standard which in 
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ctual engines is only now being reached. Particularly in the case of the aircraft 
engine, it is desirable in the interests of compactness to minimize the number of 
stages, and this desire is the basic reason for the study of compressors in which the air 
ravels at supersonic speeds. At these speeds, vastly more work per stage is possible 
than at subsonic speeds, but practical “‘supersonic compressors”’ have not yet been 
achieved. It now seems that success is more likely with air-speeds in the inter- 
mediate or transonic region. 
Quite as important as high pressure ratio and a small number of stages is under- 
standing the aerodynamics of compressors so well as to be able to design them with 
high aerodynamic efficiency. In the subsonic speed region this understanding has 
apparently become widespread, for in the past few years efficiencies of 91% have 
become quite frequent. Greater dividends in overall efficiency, however, have recently 
come from improved turbine efficiency ; figures of 86 or 87% are now possible, whereas 
3 or 4 years ago 81 or 82% was usual. 
Considerable progress has also been made with the reduction of aerodynamic losses 
in other parts of gas-turbine engines, and a great deal of knowledge exists on turning 
air round corners with minimum loss of energy. = 

Efficiency in combustion is now readily attained at ordinary terrestrial altitudes, 
and combustion problems are not generally problems of efficiency. I will mention 
them later. In aircraft engines, however, there is still work to do to maintain good 
combustion efficiency up to great heights, and the demand for compactness leads to 
the problem of maintaining efficiency with very high rates of heat release. 

Probably the biggest dividends in performance will come from the use of higher 
gas temperatures. This leads to two kinds of research—material research to discover 
stable and practical materials, not necessarily metallic, capable of working at very 
‘high temperatures, and research in methods of cooling the turbine rotor through which 
the gas expands. 

The progress of the modern gas turbine has been closely associated with the remark- 
able ‘progress in the development of high-temperature materials, particularly steels 
and nickel-chrome alloys. The latter, under the proprietary name of ‘‘Nimonic,” 
have become the most popular materials in the United Kingdom for turbine blades. 
It seems likely, however, that the next big step forward will be as a result of the 
development of methods of cooling. At the National Gas Turbine Establishment a 
gas turbine is running with a gas temperature of 1,140°C. Each blade is cooled by air 
which passes from inside the turbine rotor through numerous small-diameter holes 
which run radially through the blades (Fig. 40) and discharge into the main gas 
stream.?° : 

Of the numerous other ways that have been proposed for the cooling of turbine 
blades one of the most interesting is that somewhat inelegantly known as “sweat 
cooling.”” The idea is to make the outer layer of the blade of a porous material so 
that cooling air introduced to the core of the blade diffuses out all over the surface. 
Blades of this kind made by sintering and by the coagulation of meshes are under 
test, but a turbine wheel employing them alone has not yet beenrun. 

Blades, in compressors as well as in turbines, are liable to vibration troubles. 
These are most frequently forced vibrations, the elimination of which is usually a 
matter of intelligent and informed ad hoc investigation. There are more subtle 
oscillations, however, some of them of the general character of flutter, or coupled 
oscillation in flexure and torsion; and there are some, more mysterious in origin, 
which are still being analysed. ‘ 
The function of heat exchange in a gas turbine is largely to employ heat which 
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would otherwise be wasted to help the combustion in the job of heating the com- 
pressed air. Thus, in some designs, this air passes over surfaces heated by the passage 
of exhaust gas before moving into the combustion chamber. Broadly the problem ~ 
is to do this kind of task compactly, and the greater the degree of heat exchange — 
attempted, the more difficult does it become to achieve a heat exchanger of accept- — 
able size. Some investigators lean towards the so-called regenerative type of heat — 
exchanger in which the hot and cool fluids are passed alternately through the same 
passages of a matrix. This type has certainly great potential advantages but practical — 
difficulties have so far prevented its employment in operational gas turbines, in which | 
the recuperative type—that in which the two fluids flow in different passages, as in a5 
motor car radiator—has been successfully used. | 

Improvement in maintenance is largely a matter of design and development. 
The gas turbine in fact shows up well in comparison with other heat engines in main-— 
tenance and in some applications its superiority more than compensates for an_ 
inferiority in efficiency to the diesel engine. Its weakest point is probably the so-— 
called flame tube—the innermost and hottest part of the combustion chamber. There — 
has been steady improvement of this component, however, and in that most exacting } 
of areas, aircraft operation, the Rolls-Royce Dart gas turbine has, as I have said, ; 
achieved a life between overhauls equal to the best achieved by piston engines. | 

What I have called “improvement in omnivorousness”’ has led to wide-spread — 
and difficult investigations into the use of a large number of different fuels. The 
burning of distillate fuels, as in aircraft gas turbines, is not without its problems, 
but they are insignificant in comparison with the difficulties of using residual oils and 
solid fuels under operational conditions. The drive for economy makes the liquida- 
tion of these difficulties essential. They are of two kinds. The impurities in non-— 
distillate fuels can cause erosion of the blades and passages and a build-up of deposits, 
particularly between turbine blades, which interferes with the efficiency of running } 
and may even cause stoppage (Fig. 39). Moreover, the impurities can be of a cor- | 
rosive character and, even when the volume of deposit is small, can attack the turbine 
materials. The use of solid fuel involves the designer mostly* in the first kind of 
difficulty ; the use of residual oil leads mostly to the second kind of difficulty. 

A great deal of work has been and is being done to get rid of both kinds.1* 24 
Broadly, the cleaning of the gas produced by coal combustion is a physical problem to 
be solved by mechanical means. In gas turbine investigations for the Ministry of 
Fuel and Power, C. A. Parsons have used centrifugal separators which leave only the 
finest particles in the gas passing through the turbine. For the same Ministry, and 
in association with the work of The British Coal Utilisation Research Association, the 
English Electric Company have employed a combustor in which by aerodynamic 
means the coal granules are induced to burn on the walls of the chamber leaving a 
high proportion of the ash there to form a withdrawable liquid slag. Both these 
systems are practicable and with development should become operational. They 
appear preferable to electrostatic precipitation which demands very bulky apparatus, 
or to filters which appear to involve prohibitive loss of pressure. 

The problem in the case of residual oil fuels is mainly chemical rather than physical. 
Many of these fuels contain vanadium and sodium salts which at gas temperatures 
higher than 600°C can have damaging corrosive effect. Vanadium seems to be far 
the more vicious. Removal of these salts from the fuel before use is not practicable, 
and restriction to low-temperature running is an unacceptable frustration to progress, 
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* Peat ash is unpleasantly corrosive, 
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So long as the ash is in the solid state, physical methods such as I have mentioned 
: for coal ash are feasible, but ash in the liquid or gaseous state consistent with opera- 
tion at temperatures above about 600°C demands other remedies. Some success in 
if its elimination, or rather neutralization, has been achieved by maintaining slightly 
| “Taal combustion ; the presence of carbon in the products of combustion tends to 
inl bit the action of vanadium. It seems unlikely, however, that a complete solution 
will be found along these lines alone. The carbon works by absorbing vanadium 
| pentoxide in the combustion products and this blotting-paper action can be performed 
by certain siliceous additives to the fuel among which is kaolin. This has been 
_ demonstrated empirically in the Auris trials and by the C. A. Parsons research team, 
who have also demonstrated that the addition of either magnesia or zinc oxide reduces 
vanadium attack. These additives behave differently from those of the kaolin 
kind; they react with the vanadium to form vanadates which are not corrosive. It is 
possible to use both kinds of additive at once. Dr Brown and his team at the Parsons 
and Marine Engineering Turbine Research and Development Association found ethyl 
silicate more effective than magnesium bearing additives.?* 2° The difficulty with 
this, as with other promising additives, is the cost. So, whilst in some circumstances 
kaolin, at 0-5% of the fuel cost, goes a long way towards dealing with the problem, 
the search continues, particularly for cheap as well as effective materials. 

Meanwhile, gas turbines continue to run on residual oils. In some cases they use 
oil of low vanadium content; in some cases they use the known not quite 100% 
additives; in some cases they run at relatively low temperatures; and some follow 
the lead of Beznau where, with a turbine inlet temperature of 650°C, it is found 
possible to run for 300-hour stretches and wash the turbines with water during 
20-hour stoppages.?* 

In putting down “improvement in adaptability,” the last of my list of general 
objectives, I had in mind the important series of researches resulting from the demand 
to operate gas turbines at great height in aircraft. In addition to keeping the inside 
of the gas turbine reasonably cool to prevent it melting, it is necessary to keep the 
intake warm to prevent it icing up. The development of fuels which can be supplied 
reasonably readily, do not freeze even at —70°C, and have approximately the same 
desirable reluctance as paraffin to explode in an accident, is a continuing problem. 
The greatest problem of all is the maintenance of high performance at great height, a 
problem of such complexity, immensity, and importance that the leading technical 
countries in the world are led to vast expenditure on plants in which engines can be 
tested in conditions approximating to those at great heights. 

The ordinary industrial gas turbine too, has its adaptability problems, but the 
effect of height is not serious though a number of plants operate at altitudes which 
enforce reductions from sea-level performance. Such is the 10,000-kW Brown 
Boveri set near Lima. 

The special problems of adapting the gas turbine to particular sets of conditions 
vary widely in character. The aircraft conditions, as well as demanding high per- 
formance at height, demand compactness to a degree which excludes heat exchangers, 
so that high thermal efficiency must be achieved without them. Power station 
conditions lead to problems of long life with cheap fuels. Merchant service conditions 
are basically similar, though the troublesome ambience of salt is additional. The 
motor car seems to demand both compactness and a heat exchanger. Locomotive 
conditions tend to be national in character and in the United Kingdom emphasize 
the need for high efficiency at relatively low part loads, coupled with robustness and 
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reliability ; no doubt the nuclear fission and later the nuclear fusion gas turbines will 
develop problems all their own. ates 

The demands of the gas turbine as an auxiliary are of course many and various, | 
and include portability and especially quick starting. In some process work, ability 
to run on low-calorific-value gas is an obvious requirement. 

This particular ability is demonstrated at the limit, so to speak, by the gas turbine 
I have mentioned, designed to use the low concentrations of methane in mine venti- 
lator exhausts (see p. 142). It has a special form of regenerative heat exchanger 
conceived by the Ministry of Fuel and Power engineers and, after most interesting ; 
research investigations,”® built by the Incandescent Heat Company. 

In the United Kingdom, gas-turbine research is carried on in the heavy and aircraft — 
industries in collaboration with a number of governmental and quasi-governmental — ; 
agencies. There is a comparable programme of work in the U.S.A. and probably also 
in the U.S.S.R. Considerable scientific and technical contributions continue to be— 
made in the Western European countries, in Canada, and in Australia. To do any 
kind of justice to this quite tremendous activity is beyond my powers if I am to keep 
this Paper within tolerable bounds, but a further brief reference to the British scene 3 | 
may be acceptable. at 

Supporting the British industrial effort, and particularly the aircraft engine industry x 
with its own range of admirable research facilities, is the National Gas Turbine ~ 
Establishment, originally built on the foundations of Power Jets Ltd and the gas _ 
turbine department of the Royal Aircraft Establishment. It now occupies a wonder- = 
ful site in Hampshire woodland and is a combination of good taste, efficiency, and 
amenity as rare today in the United Kingdom as a good cuisine. The Governmental 
Fuel Research Station works, on a very much smaller scale, on problems of the coal- _ 
burning gas turbine, as does the British Coal Utilisation Research Association. — 
The research establishment next in importance in the gas turbine field to the N.G.T.E., — 
however, is PAMETRADA, to which I have already referred in connexion with — 
residual fuel additives. This research association is concerned solely with ships’ — 
turbine machinery, though much of its work is of the utmost interest to all gasturbine — 
technologists. For the Admiralty, an important liquid-cooled high temperature 
research turbine rotor is being built to extend the experimental work already done 
on components employing liquid-cooled blades. The use of ceramic materials for 
high-temperature stator blading is also under investigation. For full-scale experi- 
ment on a variety of gas-turbine problems, PAMETRADA has a 3,500 s.h.p. set — 
which the Association designed for its own experimental purposes and on which, for 
example, the work already referred to on fuel additives was done. 

Before these and many other investigations have taken gas turbine development 
much farther, a fresh set of problems of great complexity will be awaiting solution, 
the problems of the nuclear-energy gas turbine. From the thermodynamic point of 
view it will be the same as the gas turbine as we know it now, but the therms will be 
coming from the heat of nuclear fission (or nuclear fusion) instead of from the heat of 
combustion of some hydrocarbon and oxygen. The source of the new problems will 
be the transference of heat generated in the new way into the working fluid—the gas 
which passes through the rotors of the gas turbine. That gas has to be made hot 
without being made appreciably radio-active. 

This is unlikely to be achieved with the internal combustion form of open-cycle 
(Figs 1 and 2) though the external combustion form of open-cycle (Fig. 3) is possible. 
The most obviously suitable cycle is the closed cycle (Fig. 4) which is readily adapted 
on paper (Fig. 41) to nuclear energy heating. 
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: i As in other closed-cycle plants, air can be used as the working fluid. Other gases 


3 A aes. 3 
| of higher conductivity, such as helium are worth considering, however, since they 


permit more compact design. For maximum thermal efficiency, a more complex 


cycle (Fig. 42) is necessary and direct heat interchange between the working fluid and 
the radioactive fluid carrying the reactor heat is undesirable. This means the further 
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lication of an intermediate closed circuit, say of sodium, between the circuit, 


comp 
carrying the reactor heat and the working fluid, helium say, 


also probably of sodium, 
in the gas turbine. 

This scheme is shown pictorially in my final 
debted to Messrs Rolls-Royce. The interme 
given time, the route of the helium can be trace 
too, but after all, this is a lecture on gas turbines. 


diagram (Fig. 43), for which I am in- 
diate sodium circuit is invisible but, 
d. The nuclear reactor is invisible 
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The picture shows a marine set. But it could easily be enlarged to be a power- 
station set. To adapt it to aircraft or vehicular duty might be more difficult. 
Other and, I am assured, even more attractive, geometrical arrangements are possible, 
but this one I feel is adequate to foreshadow the shape of things to come. 


EPILOGUE 


I now come to the end of the last Paper which I intend to write on the subject of } 
gas turbines. For the gas-turbine expert there is little new in it. For the others in — 
this audience of many and varied talents, however, I hope not only that here and there . 
was something they did not know before; I hope, too, that they have appreciated, if } 
they had not already done so, the extraordinary variety of the applications of this } 
Proteus among heat engines. Its versatility has, indeed, imposed itself as the theme 
of this lecture. If Hero, in his sunlit marble office in Alexandria 2,000 years ago — 
dreamed of the future of his creation, in his wildest fancies he would not have imagined 
its proliferation. Even if Barber, in his possibly more prosaic study in Nuneaton, — 
had let his imagination run riot, he could have glimpsed only a small fraction of the — 
riches ahead. We may justly believe, however, that Parsons foresaw a great deal. | 
Not only did he adumbrate the gas turbine in 1884; not only did he construct axial — 
flow compressors in the early years of this century; he developed the steam turbine — 
and saw it applied in the service of man all over the world. And had there been no~ 
steam turbine, who will dare to say that there would have been a gas turbine today? 


5 
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APPENDIX I 


Joun BARBER’S GAS TURBINE Patent No. 1833 or 1791 LESS THE 
FORMAL PREAMBLE AND ENVOI 


NOW KNOW YE, that I, the said John Barber, in compliance with the said proviso, 
do hereby describe the nature of the aforesaid Invention, and declare that the same is to 
be performed in manner following, that is to say :— 


Tt consists of a metallic vessel called a retort, so contrived that (when heated by a 
circumambient fire) coal wood, oil, or any other combustible matter may be put therein, 
and the smoke or vapour therein collected may be brought out by a small pipe, and con- 
veyed in a regular stream into another metallic vessel called an exploder, by means of an 
air pump and a compressor or regulating bellows, which pipe opposing its orifice to another 
similar pipe which enters the exploder (on the opposite side from the pipe which brings in 
the inflammable vapour from the retort) and injects by similar means a proper quantity of 
atmospheric or common air, causing an admixture of the two airs, which, so mixed, will 
take fire on application of a match or candle to the mouth of the exploder, and rush out 
with great rapidity in one continued stream of fire, so long as the exploder is supplied with 
proper quantities of the respective airs. The fluid stream is also considerably augmented 
both in quantity and velocity by water injected into the exploder by means of another 
small pipe entering therein, which water is also intended to prevent the inward pipes and 
the mouth of the exploder for melting by the velocity and intenseness of the issuing flame. 
This water, as well as the airs, are forced into the exploder by means of a pump, which in 
lieu of common crank carries upon the axis of one of its wheels two esses or double portions 
of circles, whereby a more regular motion is procured than can be done by any crank work. 
This engine is wrought by the steam issuing from the mouth of the exploder, and may be 
applied to grinding, rolling, forging, spinning, and every other mechanical operation; and 
the fluid stream may be injected into furnaces for smelting metallic ores, or passed out at 
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the stern of any ship, boat, barge, or other vessel, so as by an. opposing and impelling pow 
directed against the water carrying such vessel, the vessel with its contents may be drive 
in any direction whatsoever. 


APPENDIX II 


EXTRACT ADUMBRATING THE MODERN GAS TURBINE FROM 
Str CHarues Parsons’s Patent No. 6735 oF 1884 


Motors according to my invention are applicable to a variety of purposes, and if such an’ 
apparatus be driven, it becomes a pump, and can be used for actuating a fluid column, or 
producing pressure in a fluid, Such a fluid pressure producer can be combined with a } 
multiple motor according to my invention so that the necessary motive power to drive the 
motor for any required purpose may be obtained from fuel or combustible gases of any } 
kind. For this purpose I employ the pressure producer to force air or combustible gases” 
into a close furnace of any suitable kind such as used for caloric engines into which furnace } 
there may or may not be introduced other fuel (liquid or solid). From the furnace the 
products of combustion can be led, in a heated state, to the multiple motor, which they } 
will actuate. Conveniently the pressure producer and multiple motor can be mounted on } 
the same shaft, the former to be driven by the latter: but I do not confine myself to this | 
arrangement of parts. a | 

The blades should be of material that will withstand high temperatures or I may } 
employ water or other fluid to cool the blades. This may be done by providing in the 
cylinders that carry the blades, channels or passages for the circulation of cooling fluid, } 
which in the case of the rotary cylinder may be supplied through a passage or passages in 
the shaft carrying the cylinders. ; 


APPENDIX III 
GAS TURBINE COLLABORATION COMMITTEE 


A friend who read this Lecture in manuscript considered that the historical part should | 
include a reference to this Committee. I proposed its formation in the autumn of 1941 
to ensure that all concerned in the development of the aircraft gas turbine should collabor- 
ate to avoid unnecessary duplication of effort and to pool ideas, testing facilities, and 
experience. The first meeting was on 1st November of that year, and since then the main 
body has met about four times a year. The members of the Committee are senior 
engineers from the aircraft engine firms and representatives of the Government’s research 
and development organizations. I was the first Chairman. The continued vitality of 
the Committee owes a great deal to my successors, Group Captain G. E. Watt, Captain 
M. Luby, R.N., Air Commodore F. R. Banks, Mr R. H. Weir, the present Chairman, and 
the enthusiasm of the members. 


Mr R. W. Mountain proposed a vote of thanks to the Lecturer, which was accorded 
with acclamation. 


The President presented the Lecturer with an honorarium and a commemorative 
bronze medal, which formed part of the Parsons Memorial. 
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Paper No. 6095 


EXPERIMENTS ON CONCRETE UNDER COMBINED BENDING 


8 AND TORSION 
by 
_ *Norman Sydney John re aoe B.Sc.(Eng.), A.M.I.C.E., 
.M.I.Mech.E. 


(Ordered by the Council to be published in abstract form) + 


Introduction 

Many of the characteristics of reinforced concrete have been established under 
simple loading conditions but the more complex problem of its behaviour under 
combined stresses remains uncertain. In an attempt to provide fundamental design 
data an investigation was made into the strength of plain concrete members sub- 
jected to bending combined with torsion so that the problem of the effect of the 
reinforcement might be treated in a rational manner. 

Experience with other brittle materials such as cast iron or marble under similar 
combinations of stress suggests that concrete might fracture at a definite maximum 
principal tensile stress. Another reasonable theory for brittle materials is that 
failure occurs when a limiting extension strain is reached. Nylander? in 1945 tested 
plain concrete specimens under compression and torsion and his results, with limita- 
tions, substantiate a maximum principal stress theory. Subsequent to the Author’s 
research, Cowan and Armstrong? in 1952 tested reinforced concrete in combined 
bending and torsion and concluded that the addition of a small amount of bending 
to a reinforced concrete section increases its resistance to torsion. They also 
essentially concur with a maximum stress theory. Experimenters in pure torsion 
agree that the torque required to fracture a solid circular specimen is about 20% in 
excess of that calculated on the elastic theory. Similarly in pure bending the bend- 
ing moment required is between 1-3 and 1-5 times that calculated by elastic formulae. 


Specimens and apparatus 

The principal experiments of the Author consisted of a series of twelve tests to 
fracture under bending and torsion applied simultaneously to plain concrete specimens 
having a parallel section 30 in. long and 7} in. diameter. These were supplemented 
by subsidiary tests for strength on tension, compression, and unreinforced rectangular 
beam specimens. A series of tests® using electrical-resistance strain gauges was 
conducted to measure the surface strains induced on specimens of all these types. 

The test rig for loading in combined bending and torsion is shown in Fig. 1 and 
was so arranged that if the complementary loads were equal the specimen was 
subjected to pure bending and/or to pure twisting, but not to direct forces. The 


* The Author is Lecturer in Mechanical Engineering at the University of Southampton. 
+ The full MS, and illustrations may be seen in the Institution Library.—Sx0. 
1 ‘The references are given on p. 164. 
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oads were applied through turn-buckles and were measured by proving rings. The 

uccuracy of measurement was + 100 Ib.-in. . 
__ The concrete was of the conventional 1:2:4 loose volume mix of rapid-hardening 
-Portland cement “‘Ferrocrete,” Thames Valley sand of fineness modulus 1-8, and 
graded crushed Thames Valley ballast of 3-in. maximum size giving a fineness modulus 
tfor the joint aggregate of 5-0. This size was selected so that it bore a similar relation 
rto the size of specimens tested as would normal coarse aggregate to sections used in 
‘practice. A water/cement ratio of 0-55 and water to total dry mix ratio of 7-5%, 
‘both measured by weight, was used. 

Specimens were cured in water and tested wet at 28 days. - 


Results 

The graph, Fig. 2, illustrates the results of the principal tests. 

Loads were applied at a steady rate so that the total duration of a test was about 
-8to9 min. The failures were generally very sudden and without warning, along a 
helix. 

Strain measurements were taken on specimen No. 12 during understressing tests 
in pure torsion and in pure bending before it was loaded to fracture under combined 

loads. Single resistance-strain gauges were placed in the form of rosettes and set 
at 0°, 45°, and 135° to the axis of the specimen at opposite ends of a diameter in the 
plane of bending. Readings showed the modulus of elasticity to be 2-4 x 10° 1b/sq. in. 
in shearing to 40% ultimate load, and 5-06 x 10° Ib/sq. in. in bending to 50% 
ultimate load. When torsion was applied to this specimen carrying a 50% bending 
moment, Hooke’s law was for all practical purposes obeyed to 85% of the torque 
required to bring about fracture, and the shear modulus of elasticity was unaltered. 
The principal tensile strains immediately before the fracture could not be evaluated 
since local discontinuities in the material had disorganized the strain readings by that 
time. 

Considerable scatter in the tensile test results was observed resulting principally 
from eccentric loading, and the average tensile strength of the concrete was taken 
as 330 lb/sq. in. from specimens of dumb-bell shape having a working section nominally 
8 in. x Bin. X 6in. long. The modulus of elasticity was found to be 5:6 x 10° lb/sq. in. 
to 45% ultimate load and, after making allowance for eccentric loading, the ultimate 
tensile strain was 90 to 95 x 107°. 

The average compressive strength from specimens of 5-in.-diameter and 10 in. high 
was 3,100 Ib/sq. in. The mean value of the modulus of elasticity to about 50% load 
was 4:4 < 10° lb/sq. in. 

Four plain beams of section 3 in. x 6 in. x 48 in. long were tested under four- 
point loading and gave a moment of resistance of about 7,650 lb.-in. These tests were 
not so satisfactory as the Author would have liked. 


Analysis 
Observation shows the fracture of concrete under combined bending and torsion 


to be by separation. Guided by the experience of others with brittle materials, and 
noting the general trend of the results obtained, the two common separation theories 
of failure are used in the following analysis—the maximum tensile stress and the 
maximum tensile strain hypotheses. rs 

The concrete is assumed to be homogencous—an assumption which is sufficiently 
true if the maximum size of aggregate is small compared with the dimensions of the 


section. 
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Fia. 2.—RESULTS OF COMBINED BENDING AND TORSION TESTS 


If Hooke’s law is obeyed to fracture, then taking the tensile strength of the con- 
crete as 330 Ib/sq. in., the maximum tensile stress theory gives curve I in Fig. 2. 
Clearly this curve falls well inside the experimental points so that, if the figure for 
the tensile strength is correct, then the increased load capacity must presumably 
arise from the plastic behaviour of the material. Several alternatives exist for 
determining a theoretical curve that allows for this. 

One method is to consider the stress distribution which might exist at fracture. 
The extreme cases are if the section remains completely elastic, i.e., the stress is 
proportional to radius, and secondly, if the section becomes fully plastic, i.e., the 
stress is uniform across the section. In pure torsion it has been shown by Marshall 
and Tembe ‘ that to take the fracture torque to be the mean between that calculated 
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suming completely plasticity and assuming complete elasticity gives close agree- 
ment with experiment. The Author suggests that similarly for bending the mean 
between the elastic and plastic calculations be used. To derive less arbitrary factors 
by assuming various stress distributions is a matter of mathematical exercise, but 
most rational assumptions give results close to the mean. It may be noted that when 
this criterion is applied to the beam test results, the magnifying factor over elastic 
calculations is 1-25 theoretically and 1:29 experimentally. Under combined stresses 
it is proposed that the maximum stress theory, which can be expressed in the form 

2 

= 1— (7) » holds where M’ and 7” are respectively the bending moment and 
torque calculated on the semi-plastic idea suggested and which if applied separately 
mvould cause fracture; M and 7’ are respectively the bending moment and torque 
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which if applied together would cause fracture. This proposition gives curve IIT in © 
Fig. 2 which is a closer approximation to the experimental curve than is given by the — 
elastic theory. 

Another method is to take the design tensile stress as, say, 1-2 times the measured 
tensile strength. This gives curve II in Fig. 2 which is also a close approximation — 
to the experimental curve, although the chosen factor has no theoretical justification. 

The maximum strain theory using a value obtained in compression tests on this 
concrete of 0-12 for Poisson’s ratio gives curve IV in Fig. 2. This is not greatly 
different from the curve given by the maximum stress theory, but it does not fit the 
experimental points so well. Comparison of the apparent ultimate strains measured 
with resistance-strain gauges shows that the tensile strain capacity of the concrete — 
was about the same in the beam tests as in the direct tension tests, namely, a strain — 
of 95 x 10-*. In the combined bending and torsion test, the maximum principal 
tensile strain shortly before fracture was 55 x 10-*. The strain behaviour in this 
test is given in detail in Fig. 3. 


Conclusions 2 
The maximum principal tensile stress theory modified to allow for some plasticity — 
appears to give the best estimate of the criterion of fracture of plain concrete under | 
combined bending and torsion. From a practical point of view multiplying the . 
design stress by a factor is adequate for this modification, and for the concrete tested 
it is suggested that the design tensile stress be taken as 1-2 times the measured tensile 
stress. . 
General observations on the tests show that:— 4 
(1) The torsional stiffness of the section was not altered by the application of an : 
50% bending moment. # 


(2) No increase in the torsional strength was found when a small bending moment 
was applied, as has been noted by experimenters on reinforced sections. _ 


(3) The electrical-resistance strain gauge proved to be very valuable in measuring ~ 
the surface deformations and often revealed faults in testing arrangements 
not otherwise suspected. 


(4) The testing arrangement for combined bending and torsion was satisfactory : 
and could easily be adapted to test sections of conventional shape. : 
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CORRESPONDENCE 
on a Paper published in 
Proceedings, Part I, July 1955 


Paper No. 6070 


‘‘ Settlement analyses of six structures in Chicago.and London ” + 
by 
Professor Alec Westley Skempton, D.Sc.(Eng.), A.M.I.C.E., 
Professor Ralph Brazelton Peck, D.C.E., M.A.S.C.E., and 
Donald Hugh MacDonald, Ph.D., M.E.I.C. 


Correspondence 


Mr E. M. Hayward (Chief Engineer, Trollope & Colls Ltd, London) stated that 
whilst he fully appreciated the value of such records of settlements of buildings, a word 
of warning should be given to those who might be induced by such instances of occasional 
settlements to reduce drastically permissible foundation pressures, which were the result 
of the accumulation of building experience in a particular locality. There was evidence 
of such a tendency in London. 

It had been customary 20 to 30 years ago to design foundations for a gross pressure 
of 3 to 4 tons/sq. ft on the upper layers of the London blue or grey Clay. Admittedly the 
buildings were to carry greater live loads than customary today and which might not 
have been realized in practice, but they showed no sign of settlement of several inches as 
usually forecast. Today, however, Local Authorities were reluctant to permit more than 
about 24 tons/sq. ft on that clay. The Institution Code of Practice No. 4 on Foundations 
recommended pressures lower than those previously adopted. Skempton 2% had suggested 
a pressure of about 2 to 2} tons/sq. ft on London Clay for modern buildings of ten to 
twelve storeys. What practical justification was there for such a reduction? Were 
engineers being unduly influenced by the publication of such articles describing a 3-in. 
settlement of a small building at Elstree under a pressure of about 1 ton/sq. ft on firm 
brown clay? Had the Authors considered any other reasons for that insignificant 
settlement? Had they checked any other buildings in the same locality? 

There were numerous buildings in London designed for 2 tons/sq. ft on similar brown 
clay, which had been behaving quite satisfactorily for many years. 

Mr Hayward referred to an office building which had five storeys and was steel-framed 
with foundations designed for 33 tons/sq. ft. It had been built about 16 years ago and was 
flanked on two sides by old brick buildings built about 50 to 100 yearsago. At two levels 
stone string courses had been bonded to the adjacent older buildings. Those bondings 
had not cracked. Theoretically the settlement of the flanking buildings should have 
reached equilibrium but the new building should have settled about 1to 3in. It evidently 
had not settled and a walk round the City of London would provide numerous similar 
examples of new buildings bonded to older buildings or built tight against them without 
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eny signs of distress. Mr Hayward had knowledge of many important buildings con- 
cted in the London area during the past 30 years. They had been built on London 
Town, grey, and blue Clay with gross foundation pressures between 2 and 4 tons/sq. ft. 
© serious settlements had occurred. Could the Authors give instances of modern 
wuildings in London which had settled appreciably ? 
Many engineers could give examples of new extensions to existing buildings. In his 
-xperience the floors of the new buildings had invariably been made level with the existing 
»uildings and no allowance was made for relative settlements. No noticeable settlement 
.ad occurred in such cases. What did the Authors think was the reason for that apparent 
liscrepancy between theory and practice? 
In the words of Terzaghi “‘it is obvious that the results of a settlement computation are 
uot even approximately correct unless the assumed hydraulic boundary conditions are in 
.ecordance with the drainagé conditions in the field.’’ If the settlement constants were 
-omputed from a laboratory experiment with the sample held between porous plates, Mr 
Hayward suggested that that did not represent the true hydraulic boundary conditions 
»f the foundations of a new building adjacent to or surrounded by existing buildings. 
if the surrounding clay was already stressed by existing buildings, the pore-water under 
fhe new building could not be forced into the pores of the adjoining sites unless the pore- 
water pressure under the new building was appreciably greater than the pore-water 
ressure in the clay under the adjacent buildings. Was that a possible explanation of 
why new buildings in built-up areas did not appear to settle so much as forecast ? 
Tattersall, Wakeling, and Ward °° had stated :— 

“Undrained triaxial compression tests made on pairs of 1}-in.-dia. samples extracted 
from 4-in.-dia. cores taken from 80 to 100 ft depth were generally less than one- 
third the strength of samples obtained from the tunnel and trimmed by hand. 
Even at a depth of only 40 ft at this site the tests on cored samples probably 
underestimated the strength considerably. The material was too hard for core 
samples to be undisturbed.” 

rhof and Murdock *! had observed that there was significant decrease in the 


Meye 
3 which had been stored in tubes for several days. They 


compressive strength of sample 
stated that :— 
“This decrease in strength, which amounted up to about one half of the original 
strength, was particularly noticeable for the stiffer and harder material and may 
be explained by the gradual opening of fissures of the clay after sampling.”’ 


The usual laboratory triaxial tests obviously gave results for London Clays lower than 
she real strengths of the clays in their undisturbed state. The factor of safety of 24 
suggested by Skempton 29 and the Code of Practice was probably too high and there 
seemed insufficient justification for taking only 2 to 23 tons/sq. ft pressure on London 
Blue Clay. Probably the laboratory estimates of elastic modulus and coeflicients of 
sonsolidation were also unreal, which might account for the fact that buildings in London 
wenerally did not settle so much as expected from theoretical computations. 

It would be remarkable if a simplification such as equation (1) gave anything but an 
approximation to the correct answer to problems connected with such a heterogeneous 
anisotropic material as soil. In the synopsis the Authors had bravely stated ae settle- 
nents can be computed with errors not exceeding the limits of —30 % and +50%.”” In 
Wable 2 by an unfortunate selection of case histories thawe wide limits were reduced to an 
average “only 9% greater than the observed value. In view of the many assumptions 
governing the basic equation, it would be almost a fluke if the correct answer was given to 
within 9%. It might be ungenerous, but he could not help wondering whether it was 
sossible for a little wishful thinking to choose or adjust the constants of the computations 
So give an anticipated result? Engineers were familiar with the use of dynamic pile- 
‘Hriving formulae alleged to give the static load bearing capacity of a pile and in which 

ld give the anticipated or desired answer. 


Iterations in the constants wou i : ; 
Pate Pilates the recording of factual observations as given in the Paper, but until far 


168 CORRESPONDENCE 


more than those few case histories were available it was advisable to accept Terzaghi’s 
warning that “the computation of the rate of settlement has the character of a crude 
estimate.”’ The Authors wisely acknowledged the limitations of their theories in their 
statement that “Theoretical considerations of this problem are difficult and have not yet 
been completed.’? -Mr Hayward suggested that those few records of settlements were 
no valid reason for lowering the permissible foundation pressures, which had been estab- 
lished as safe and satisfactory by long experience of building in any locality. 


Mr J. K. Alderman (Lecturer in Civil Engineering, Manchester University) observed 
that, on examining the time/settlement curves for the six structures analysed, it was 
difficult to understand why the Authors advocated the use of the equation: 


2 
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0 


for the net final settlement of a foundation, and did not consider the use of the more 
fundamental equation for the net final settlement: 
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¢ : : (1 + v?) 
where p; denoted the immediate settlement = gy .B ene Ip 
id 
z 
and pe ns the consolidation settlement = | my. 4a. dz (= Pp)» 
0 


together with the corresponding equation for the net settlement pz at any time, ¢, 
PE = Pee OT pgh UE tS ee Nrreme eee (es) 
The time/settlement curves for the six structures had been calculated using equation (3) 
and it was found that for all the Chicago structures the recalculated curves were closer to 
the observed time/settlement curves than any of the calculated values given by the 
Authors (see Fig. 8). For the structure of the Fire Testing Station, Elstree, the recal- — 
culated curve overestimated the settlement by about 25%, but it should be noted that 
the field settlements had been observed only for 4 years and were still on the linear part — 
of the settlement /*/ time curve. It was therefore possible that after a further time the | 
observed settlements might cross over the Authors’ calculated curve. ‘i 
It had been found impossible to recalculate the time/settlement curves for Waterloo — 
and Chelsea Bridges since the divergence with time between the two methods of calcula- 


tion could not be understood. Using the previously defined symbols then: ¢ 
pt (calculated by Authors) — pz (conventional) = {p; + U(pe — pi)} —{U . pe} be 

= pi(l — U) > 

: 


The difference between the two calculated values should be convergent as the time — 
increased. Figs 3 and 4 in the Paper, however, showed the two curves were divergent _ 
with time. 

The method of calculation for the net settlement at any time ¢ suggested by the Authors 
and given in the equation: 


pe = pi Ope py). Gee Galen sh i ee 


also broke down if pj > pe. The Authors had not mentioned that possibility and in fact 
stated that “the net final settlement is typically between two and six times the settlement 
at the end of construction.”’ It had been found, however, during settlement calculations 
for the analysis of structures on glacial clays in Lancashire that pj>> pp and that the 
settlement at the end of construction was about 60% of the net final settlement (Fi 9) 
No full-scale site observations were yet available to confirm the above analysis, but ail 
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footing tests on undisturbed samples from the field had shown that the immediate settle- 
ment p; was greater than the consolidation settlement. Fig. 10 showed the time/settle- 
ment curve for a model footing test on a typical undisturbed sample from the site analysed 
in Fig. 9, from which it could be seen that in both cases the ratio pj/pe = 1:5 — 2:0. Ifthat 
value was substituted in equation (4) the settlement at any time t was found to decrease 
as the time increased. It was therefore suggested that until full-scale site observations — 
were available equations (2) and (3) should be used for estimating the settlement of * 
foundations in Lancashire glacial clays. 


Professor G. G. Meyerhof (Head, Department of Civil Engineering, Nova Scotia e 
Technical College, Halifax, N.S., Canada) considered that the net settlement at any time 
could, in addition to the two methods mentioned by the Authors (equations 4 and 5) 
also be estimated from the equation 


Pe=pi-- Upao = 9s sel GD 
where p; denoted the net immediate settlement (equation 2), pana the final consolidation — 
settlement (equation 1), and U the degree of consolidation. + 

That equation was based on a theoretical approach, ** whereas the Authors’ equation — 
5) was of a semi-empirical nature. 

Using equation (6) the calculated rates of settlement agreed somewhat better with the — 
observed movements of the six structures, especially at Chicago, than did the Authors’ — 
equation (5). Whilst at the end of the construction equations (5) and (6) gave practically 
the same result for the net settlement, equation (6) overestimated the final net settlement, 
as had been mentioned by the Authors, the mean ratio of calculated/observed final settle- — 
ment for the six structures being 1-4 (using equation 6) compared with 1-1 (using equa- 
tion 5). On balance it might therefore be concluded from an analysis of the present 
cases that there was little to choose between equations (5) and (6) and both equations 
were definitely superior to the conventional equation (4) as was stated by the Authors. 


Professor Skempton, in reply to Mr Hayward, wished to make it clear that the 
Paper did not deal with allowable settlements of buildings, but with the records of six — 
structures for which both settlement calculations and observations were available in some 
detail. And those records had shown that the method of settlement computation at 
present in use gave results which were substantially correct. Moreover, in another — 
Paper,** it had been shown that, so far as final settlements were concerned, that con- 
clusion was valid for a total of twenty structures in various parts of the world. Much 
had still to be learnt, however, and Mr Hayward could be assured that work was actively 
proceeding to improve the methods of settlement calculation. 

Mr Hayward evidently felt that, in London Clay, soil tests were unreliable and com- 
putations severely overestimated settlements. But for the three structures on that 
Clay, described in the Paper, the calculated final settlement was, on the average, only 
33% in excess of the actual value; and at the time of the latest recorded settlement the 
error was less than 20%. At the new Government Offices in Whitehall the maximum 
settlement two years after completion of the building was 1-4 in., compared with a cal- 
culated value of 1-5 in.°4 

In the past it seemed often to have been thought that because there were no cracks in 
a building, it had not settled or, at least, that the settlements were not appreciable. Yet 
there were many buildings on clay which had undergone maximum settlements of 3 or 4 
in. but which had shown no signs of any cracking. Therefore it was unjustifiable to 
assume that little if any settlement had occurred simply because a building was not 
cracked or visibly distorted. 

It was true, as Mr Hayward had pointed out, that there were many buildings in London 
erected immediately alongside older buildings, with string courses lined up with, or even 
bonded into, the adjacent structures; and yet no visible differential settlement had oc- 
curred. A probable explanation was simply that the clay under the new building was 
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jeezcomposed by the old building which had been demolished to make way for the new 
structure which, in many cases, imposed no load on the clay additional to that which had 
been there before. Indeed, with modern structures, the weight might be less. Therefore 
the settlement of the new building would be very small and comparable in magnitude to 
the elastic recovery of the clay when the old building had been removed. 

With regard to the allowable pressures on London Clay, although that matter was 
outside the scope of the Paper, Professor Skempton considered that his recent statement 
to the effect that 2 to 24 tons/sq. ft was suitable for the footings of modern blocks of flats 

represented no departure from accepted practice. Those buildings usually had no base- 
ments, and the footings were typically about 8 or 10 ft below ground surface. In the 
outer regions of London that depth was, in most cases, still well within the zone of the 
brown clay, on which higher pressures had rarely been used. In fact, Mr Hayward had 
implied that a pressure of 2 tons/sq. fs was common on the brown clay. The settlement 
of # inch at Elstree under a pressure of 1 ton/sq. ft could hardly have led to a decision to 
reduce the allowable pressures on the brown clay, since, as Mr Hayward himself had pointed 
out, that settlement was insignificant. 

In reply to Mr Alderman and Professor Meyerhof there could be no doubt that the 

equations 


Pinal = pi + Pe 
and pt= Pi + U.pe 


were correct. The problem, however, was how to determine pe. Mr Alderman and 
Professor Meyerhof had both suggested that 


pe = Jmy. Ac .dz 


but, as the Authors had stated on p. 528 of the Paper, that assumption was not generally 
true. In fact, it was moro nearly correct to say that 
Pana =pi + po = Jmy. Ao .dz 

The oedometer test measured the compressibility of the clay under increasing vertical 
stress with no lateral movement. In contrast, the ground under a foundation was 
subjected to shear stress (as well as vertical stresses); there were lateral movements and 
pore pressures set up when the foundation load was first applied were, in general, very 
different from those set up when the load was applied to an oedometer specimen. 

A rigorous treatment of the problem would require complex triaxial testing in two stages, 
firstly to measure the properties of the clay relevant to immediate settlement, followed, 
secondly, by measurement of the subsequent volume changes during consolidation. To 
relate the problem to present technique, however, the following treatment might be helpful. 

If the settlement, as determined from the oedometer test was denoted by poed where, 
as usual, poed = fm . Ao.dz and if the true consolidation settlement po = 8. poed where 
§ was a factor depending, primarily, on the compressibility ratio of the clay *5 which, in 
its turn, depended chiefly on the geological history of the clay, then: 


pana = pi + S. poed 
and pt = pit U.S. poed 

Theoretical considerations showed that for normally-consolidated clays S was a little 
less than 1-0, whilst for over-consolidated clays the value was roughly 0-5, or even less 
if the clay had been heavily over-consolidated. ; 

Those conclusions were in broad agreement with the observations reported in the Paper; 
and the “recalculated”? curve, plotted in Fig. 8 by Mr Alderman for the Auditorium 
Tower, was an example of the case S = 1 for normally consolidated clay, as was the 
analysis by Professor Meyerhof.*# Dr L. Bjerrum and Professor Skempton were hoping 
to publish the theoretical work within the coming year. But, for the present, the 
widely adopted assumption that panai = Poed could continue to be used, as an approxi- 
mation, since it was known to give results not differing from field observations by more 
than 50% in the great majority of clays and involved only the simplest testing and 
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computational procedure. The Authors were glad that Professor Meyerhof agreed with 
their conclusion that the conventional method of calculation, as represented by equation 
(4), was definitely inferior to the procedure used in the Paper. 
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Grad. L.C.E. 

Mo..er, Kristen, B.Sc.(Eng.) (London). 

Moricr, Perrr Braumont, B.Sc. (Bristol), 
Grad.I.C.E. 

Morris, RaymMonp Stranuey, Grad.I.C.E. 

Munro, JAmMzEs. 

Munro, Jan Tuomas, B.Sc.(Eng.) (Lon- 
don), Grad.I.C.E. 

pe tin Aro Frarsr, B.Sc.(Eng.) (Lon- 

on), Grad.1.0.E. 


(Belfast), 


a 


WARAINE, SHIW Samat, B.Soc.(Eng.) (Lon- 

_ don), Grad.1.C.E. 

Kernneta Daviss,' B.Sc. 
(Wales). 

WicHotson, THomas Heptzy, B.Sc. (Dur- 

_ ham), Grad.I.C.E. 

WormAaN, JouN MyrcHast, B.Sc.(Eng.) 

_ (London), Grad.I.C.E. 

NORRIS, JOHN WALTON. 

Orr, SamuzEL, B.Sc. (Belfast), Grad.1.C.E. 

Dwen, Jonn Benzamin Brynmor, D.Sc. 
(Oxon.), M.Sc. (Wales). 

©arsons, GEOFFREY Frank, Grad.I.C.E. 

PaTRIOK, JOHN GrorGE, B.Sc.(Eng.) (Lon- 
don), Stud.I.C.E. 

Payne, MicHaEL Roar, B.Sc. (Bristol). 


OppcivaL, JoHN Appian, B.Sce.(Eng.) 
(London), Grad.I.C.E. 

i , James Rouanp, B.Sc.(Eng.) 
(London). 

Omiiis, JOHN Wutiam, B.Sc.(Eng.) 


(London), Grad.I.C.E. 

Pigott, ALAN CHARLES JOHN, M.Sc.Tech. 
(Manchester). 

Prat, ALFRED, B.Se.(Eng.) (London). 

Drrraway, JOHN LIONEL GREVILLE, M.A. 
(Cantab.). 

PoLLaRD, JAMES Watts, B.Sc. (Manches- 
ter). 

Porrsr, Frank Hieron, B.Se.Tech. (Man- 
chester). 

PREECE, RoBERT EDWARD, B.Sc. (Birming- 


ham). 

Reexiz, Ropert, B.Sc. (St Andrews), 
Stud.I.C.E. 

Rircuin, ALISTAIR GEORGE BaLpwIn, 


B.Sc. (Glasgow), Grad.I.C.E. 
Rosrnson, Danreu Brrp, B.Sc. (Durham). 
Rosrnson, Crores, B.Sc. (Durham). 
Roomes, Francis GoprrEy, B.Sc.(Eng.) 

(London). 

Sapiur, JouN VERNON, B.Se.(Eng.) (Lon- 


SaveryMuTtv, Hector SEBASTIAN, B.Sc. 
(Eng.) (London). 

SHacKLETON, Henry Lustin, B.Sc. (Leeds). 

SHaw, LAURENCE SIME, B.Sc. (St Andrews), 
Grad.I.C.E. 

SHORTALL, HAROLD ROSSLYN, B.A., B.A.I. 
(Dublin). 

Srrotaiz, Ropert Bryson, B.Sc. (St 
Andrews). 

Smernurst, JouN DERWENT, B.Se. (Bris- 
tol), Stud.I.C.E. 

Smytu, JOHN, B.Sc. (Belfast), Grad.I.C.E. 

Sreap, Peter Avan, B.Sc. (Leeds). 

Srurnens, Guorcr ANTHONY, B.Sce.(Eng.) 


| ecllda Davip Usunr HAMILTON. 
Sr, Rosert, B.Sc. (Aberdeen). 
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SrrickLanpD, Ronatp MacKeunzin, B.E. 
(W. Australia), Grad.1.C.E. 

TavENER-SmiTH, Norman WILSON, B.Eng. 
(Liverpool), Grad.1.C.E. 

pee Roy, B.Sc. (Nottingham), Grad. 

THatToHER, ERio Frank, Stud.I.C.E. 

THomson, JOHN WaLLacn, B.E. (Queens- 
land). 

THORNE, ROBERT BASIL. 

Tsou Huan-Hstn, B.S. (Lingnan). 

TURNBULL, MALCOLM MACKENZIE. 

Turner, Henry Grorcn, Grad.I.C.E. 

TURNER, JOHN ARTHUR, B.Sc. (Durham). 

Vari, ANTHONY JOHN, B.Sc.(Eng.) (Lon- 
don), Grad.I.C.E. 

VarLEy, WitLiam RaymonD, B.Sc.Tech. 
(Manchester), Grad.1.C.E. 

Verma, RamsEr Prasad, M.Sc.(Eng.) 
(London). 

Virtus, Jonn Crivz, B.E. (Tasmania). 

Ceca y Joun Peter, B.Sc.(Eng.) (Lon- 

: 

WARDROPER, JAMES HERBERT, B.Sc.(Eng.) 
(London), Grad.1.C.E. 

Waters, WiLitaM Gwyn, B.Sc. (Wales). 

Watson, DoNALD FREDERIOK, B.Sc. (Birm- 
ingham). 

Watson, Victor Ernest, B.Sc. (Glasgow). 

WHATHERSEED, DonaLD CAMERON, B.Se. 
(Eng.) (London). 

Weeks, Davip PARKES, B.Sc.(Eng.) (Lon- 


1). 

WESTALL, JOHN BUTTERWORTH, B.Se. 
Tech. (Manchester). 

Wuean, Mricnart Not, B.Eng. (Liver- 
pool), Grad.I1.C.E. 

Wutrn, GRAHAM CHARLES Sipney, B.E. 
(New Zealand), Grad.I.C.E. 

Wuiriey, [AN HUNTER, Stud.I.C.E. 

Wuirron, THomas EpwaRD, B.Sc. (Dur- 
ham), Stud.1.C.E. 

Wuitworto, ANDREW ALLEN, M.A. 
(Oxon.), Grad.I.C.E. 

Wiamorsz, PETER ROLAND Sypnery, B.Sc. 
(Eng.) (London). 

Witi1ams, THomas EIrion Horxins, M.Sc., 
Ph.D. (Wales). 

Wruiu1aMson, FREDERIOK Jack, B.Sc. 
(Eng.) (London), Grad.1.C.E. 

Wis, Dovetas ALBERT, Grad.1.C.E. 

Wruson, Norman Anaus, Stud.L.C.E. 

Wone, CHUNG-NGAR, PETER, B.Se. (Hong 


Wricut, Wi1tam Lomax, B.Se.Tech. 
(Manchester). 

Wvart, JoHN ALFRED, B.Se.Tech. (Man- 
chester). 

Younas, Drrnxk MARTIN. 
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DEATHS 


It is with deep regret that intimation of the deaths of the following has been 
received. 


ta 
Members 


Lr.-Cou. GRAHAM TOWNSEND BENNETT, O.B.E., B.Sc. (E. 1922, T. 1945) ( former 
Member of Council). 

Goren Rupp Cottrson, B.Se.(Eng.) (E. 1911, T. 1922). 

Ernest Hone Forp, O.B.E. (E. 1911, T. 1931). 

Witu1aAmM Huser Kirsy, M.C. (EH. 1911, T. 1939). 

Ernest Epwarp Mora@an (E. 1935). 

Sm Ricuarp AuausTINE StuppERT REepMAYNE, K.C.B., M.Sc. (E. 1908) (Past- 
President). 

BrrRNARD ALEXANDER Rion, B.A., B.A.1. (E. 1929, T. 1946). 

Harry Watson Smita, C.B.E. (E. 1942). 

ALBERT TuttP, M.Sc. (E. 1928). 


Associate Members 


Francis THomas Hitton Braviey, B.E. (H. 1948). 
GEORGE GLADMAN Brat (E. 1900). 

Epwarp Arruur Evans, B.Sc. (E. 1910). 

WaLtTER PauL FREDERICK FANGHAENEL, B.Sc.(Eng.) (E. 1915). 
Rosert Grionrist (KE. 1908). 

ARTHUR STANLEY GLOVER, M.C., B.Sc. (E. 1918). 
Wi11AM FavuLKNER Lowe, M.C., M.Eng. (E. 1934). 

JoHn HaLiIwEtt Mawson, M.C., B.Sc. (E. 1914). 

Ceci, Epwarp Mays (E. 1919). 

ArtTHUR Davip CLrorEe Parsons, B.A. (E. 1909). 

Ernest LANcELOT PLEDGER (E. 1910). 

ANTHONY Bran SAUNDERS-JAcoBS, B.Sc.(Eng.) (EH. 1929). 
JAMES Henry SuGRAVE (E. 1909). 

THomAS REGINALD SEWELL, M.C., B.Sc. (E. 1911). 
Artuur Les Wuitrwaw, B.A. (E. 1940). 

RosBert ALFRED WILKINSON (E. 1879). 


Graduates 


Gorpon DereKk Hrtt (A. 1952). 
Rosert Peter Mexson, B.Sc.(Eng.) (A. 1952). 
Gorpon Dovaras SHarpn, B.Sc.(Eng.) (A. 1953). 


Student 
Neri Cameron Macxinrosu (A. 1953), 


